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ABSTRACT 

This  report  reviews  some  research  in  microelectromechanical  systems  (MEMS) 
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A  Review  of  Some  Current  Research  in  Microelectro¬ 
mechanical  Systems  (MEMS)  with  Defence  Applications 

Executive  Summary 

A  microelectromechanical  system  (MEMS)  is  one  that  is  small  (micro-scale)  and  is  a  system  composed  of 
both  micromechanical  components  (such  as  microgears,  microlevers,  etc),  which  move  to  perform 
certain  tasks,  and  microelectronic  components  to  control  that  motion  or  to  obtain  information  from  that 
motion.  However,  MEMS  technology  is  generally  used  in  a  broader  sense,  including  the  technologies  of 
materials  and  processes  required  to  make  MEMS  components,  integration  of  components  to  make 
MEMS  devices  (sensors,  actuators,  etc)  and  applications  that  use  MEMS  devices.  In  addition,  other 
microsystems  such  as  microchemical  reactors,  microthermal  systems  and  "smart  materials"  are  also 
usually  included  by  virtue  of  their  utility  as  sensors,  power  sources,  heat  sinks,  etc  for  MEMS. 

In  the  civilian  and  commercial  arenas,  MEMS  devices  offer  many  advantages  in  applications  such  as 
automotive  control  and  safety  systems,  communication,  satellite  control,  medical  devices  and  health 
monitoring.  In  1997,  there  were  some  80  US  companies  in  the  MEMS  field  with  a  world  market  for 
MEMS  of  US$2  billion,  forecast  to  rise  to  over  US$8  billion  by  2003. 

For  defence,  MEMS  technology  promises  to  deliver  major  advances  in  many  diverse  areas  such  as 
munition  guidance,  information  gathering  and  soldier  survivability.  Most  civilian  or  commercial 
applications  will  also  find  applicability  in  defence,  either  directly  or  through  procurement  of 
Commercial-Off-The-Shelf  (COTS)  equipment.  In  the  United  States  of  America,  the  Defense  Advanced 
Research  Projects  Agency  (DARPA)  funds  a  large  amount  of  research  with  possible  applications  to 
defence.  DARPA  funding  for  MEMS  and  integrated  microsystems  technology  is  currently  around 
US$75M/yr,  although  this  is  expected  to  decrease  dramatically  to  around  US$37M/yr  for  the  US 
financial  years  2001  and  2002,  and  to  around  US$24M/yr  for  FY2003  and  FY2004. 

MEMS  devices,  such  as  accelerometers,  are  now  available  and  are  becoming  more  prevalent  everyday. 
Consequently,  it  is  necessary  for  DSTO  to  be  aware  of  the  state  of  the  art  and  to  be  ready  to  take  full 
advantage  of  their  capabilities  for  the  Australian  Defence  Organisation.  This  document  aims  to  indicate 
the  present  state  of  MEMS  technology  by  briefly  discussing  some  of  the  publicly  available  current 
research.  Emphasis  is  given  to  those  aspects  of  MEMS  technology  directed  towards  potential  defence 
applications.  This  survey  was  undertaken  as  a  prelude  to  a  more  focussed  study  addressing  applications 
of  MEMS  in  rocket  propulsion  systems,  which  will  be  discussed  in  a  subsequent  publication. 
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1.  Introduction 


A  microelectromechanical  system  (MEMS)  is  one  that  is  small  (micro-scale)  and  is 
composed  of: 

•  micromechanical  components  (such  as  microgears,  microlevers,  etc),  which 
either  move  in  response  to  certain  stimuli  (sensors)  or  are  initiated  to  perform 
certain  tasks  (actuators);  and 

•  microelectronic  components  to  obtain  information  from,  or  control,  that  motion. 

In  a  broader  sense,  technologies  associated  with  MEMS  include  materials  and 
processes  required  to  make  MEMS  components,  integration  of  components  to  make 
MEMS  devices  (sensors,  actuators,  etc)  and  applications  that  use  MEMS  devices.  In 
addition,  other  microsystems  such  as  microchemical  reactors,  microthermal  systems 
and  smart  materials  (such  as  shape  memory  alloys)  are  also  sometimes  included  in 
"MEMS  technology"  by  virtue  of  their  utility  in  sensors  or  actuators  or  as  power 
sources,  heat  sinks,  etc.  for  MEMS. 

In  civilian  and  commercial  applications,  MEMS  offers  advantages  in  many  diverse 
areas  such  as  automotive  control  and  safety  systems,  communication,  satellite  control, 
medical  devices  and  health  monitoring;  however,  non-MEMS  devices  often  already 
exist  for  these  applications.  If  the  development  of  a  MEMS  alternative  is  to  be 
worthwhile,  the  MEMS  device  must  either  fill  a  capability  gap,  i.e.,  it  must  either 
perform  a  new  function,  perform  the  function  better  than  can  currently  be  performed 
or  be  cheaper,  lighter  or  smaller  than  currently  available  devices.  For  commercial 
applications,  it  must  also  be  economically  viable,  i.e.,  there  must  be  sufficient  demand 
for  the  new  device  to  be  profitable. 

For  defence,  MEMS  technology  promises  to  deliver  major  advances  in  areas  such  as 
munition  guidance,  information  gathering  and  soldier  survivability.  Many  devices 
developed  for  civilian  or  commercial  applications  will  also  find  applicability  in 
defence,  either  directly  or  through  procurement  of  Commercial-Off-The-Shelf  (COTS) 
equipment. 

The  pace  of  change  in  MEMS  technology  is  so  rapid  that  the  Internet  and  conference 
papers  are  indispensable  tools  in  attempting  to  keep  abreast  of  current  research 
directions  and  advances.  The  Institute  of  Electrical  and  Electronics  Engineers  (IEEE) 
holds  a  major  international  MEMS  conference  each  year  and  the  International  Society 
for  Optical  Engineering  (SPIE)  holds  several  conferences  each  year,  covering  specific 
areas  of  MEMS  technology  and  applications.  In  addition,  there  are  several  journals 
published  regularly,  including  the  Journal  of  Microelectromechanical  Systems  (jointly 
published  by  the  IEEE  and  the  American  Society  of  Mechanical  Engineers,  ASME)  and 
the  Journal  of  Micromechanics  and  Microengineering  (published  by  the  Institute  of 
Physics).  As  an  indication  of  tire  range  of  MEMS  research  currently  being  pursued,  a 
general  bibliography  of  recent  publications  is  given  at  the  end  of  this  report. 
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This  document  aims  to  indicate  the  present  state  of  MEMS  technology  with  possible 
defence  applications  by  briefly  discussing  some  of  the  publicly  available  current 
research;  emphasis  is  given  to  those  aspects  of  MEMS  technology  directed  towards 
potential  defence  applications.  The  quantity  of  work  being  conducted  and  published  is 
so  large  that  the  scope  of  this  report  is  limited  to  information  available  to  the  author  as 
at  December  2000  and  generally  not  published  before  1999  (apart  from  some 
introductory  works).  This  survey  was  undertaken  as  a  prelude  to  a  more  focussed 
study  addressing  applications  of  MEMS  in  rocket  propulsion  systems. 


2.  Classification  of  MEMS  Technology  Research 

Current  activities  in  MEMS  research  can  be  broadly  described  as  falling  into  one  of 
four  general  technology  areas:  fabrication,  structures,  devices  and  applications 
(Figure  1). 


Figure  1:  Classification  of  MEMS  Technology 

Fabrication  is  the  practice  of  taking  materials  and  processing  them  to  form  elemental 
structures1.  Structures  such  as  cavities,  beams  and  membranes  may  be  combined  into 
devices:  sensors  to  detect  certain  properties  (such  as  pressure)  and  actuators  to  perform 
certain  tasks  (such  as  moving  a  mirror).  The  devices  may  have  many  civilian 
applications  in  many  different  fields,  such  as  medicine,  communications  and  optics; 


1  Packaging  of  MEMS  devices  is  also  generally  included  in  the  science  of  fabrication  as  it  is  very 
important  for  forming  robust  devices  from  the  very  small  and  fragile  components  involved. 
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however  advances  in  these  areas  are  also  likely  to  have  implications  for  defence. 
Fabrication  of  materials  into  structures  and  devices  leads  ultimately  to  applications. 
Alternatively,  a  specific  application  may  require  the  development  of  a  new  device, 
requiring  in  turn  some  novel  manufacturing  aspects. 

Linking  together  sensors  and  actuators  with  the  appropriate  processing  electronics  can 
produce  integrated  systems  for  active  control.  For  example,  sensors  that  detect  certain 
conditions  (such  as  temperature)  in  a  system  may  be  linked  to  actuators  (such  as  fans) 
that  are  activated  as  required  by  the  electronics  to  maintain  the  system  in  the  required 
state.  In  this  way,  due  to  the  small  size  of  the  MEMS  devices,  very  accurate  localised 
control  may  be  achieved  with  very  fast  response  times. 


3.  Some  Organisations  Conducting  MEMS  Research 

The  Rand  Corporation  published  a  report  on  military  applications  of  MEMS  in  1993  [1]. 
At  the  time,  little  research  had  been  conducted  on  military  systems  applications  of 
MEMS  with  the  total  research  expenditure  on  MEMS  in  the  US  estimated  to  be  around 
US$15  -  20m/  yr,  behind  that  of  Japan  (US$150  -  200m/ yr).  The  Netherlands 
(US$100m/yr)  and  Germany  (US$70  -  lOOm/yr). 

US  expenditure  on  MEMS  research  in  general,  and  defence  applications  in  particular, 
has  increased  significantly  since  the  Rand  report.  In  1997,  there  were  some  80  US 
companies  active  in  the  MEMS  field  with  a  world  market  for  MEMS  of  US$2  billion, 
forecast  to  rise  to  over  US$8  billion  by  2003  [2];  however,  the  net  worth  of  MEMS  in  the 
commercial  world  is  limited  by  the  small  number  of  "niche"  applications  and  the 
relatively  small  cost-per-unit  of  MEMS  [3].  Even  the  worldwide  market  for  airbag  crash 
sensors,  considered  to  be  one  of  the  major  applications  for  MEMS,  is  only  estimated  at 
US$150m/yr,  based  on  US$3  per  unit  over  the  fifty  million  vehicles  manufactured  each 
year  [3].  The  other  major  commercial  application  is  inkjet  printer  heads  [3,  4].  The 
military  and  aerospace  market  represents  only  about  6%  of  the  total  market  (projected 
from  pre-1997  data)  [3]. 

In  the  US,  a  large  amount  of  research  with  possible  applications  to  defence  is  funded 
by  the  Defense  Advanced  Research  Projects  Agency  (DARPA)  [5].  DARPA  funding  for 
MEMS  and  integrated  microsystems  technology  is  currently  around  US$75m/yr, 
although  this  is  expected  to  decrease  dramatically  to  around  US$37m/yr  for  the  US 
financial  years  2001  and  2002,  and  to  around  US$24m/yr  for  FY2003  and  FY2004  [6]. 
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The  US$74.7m  for  FY2000  is  allocated  as  follows  [6]: 

•  US$20.5m  for  MEMS  devices  and  processes; 

•  US$16.2m  for  MEMS  system  design  and  development  (Phase  II); 

•  US$25.0m  for  MEMS  micropower  generation; 

•  US$9.0m  for  bio-fluidic  chips  (BioFlips);  and 

•  US$4.0m  for  microdevice  manufacture  at  the  Center  for  Advanced  Microstructures 
and  Devices  (CAMD). 

For  FY2001,  the  US$37.7m  planned  expenditure  on  MEMS  is  split  between  US$19.8m 
for  MEMS  micropower  generation  and  US$1 7. 9m  for  BioFlips,  indicating  that  DARPA 
funding  for  MEMS  devices,  processes,  system  design  and  development  is  being 
withdrawn,  presumable  with  these  technologies  reaching  a  stage  of  maturity  where 
they  are  commercially  viable.  Selected  MEMS  projects  funded  by  DARPA  as  at 
February  2000  [7]  are  discussed  below,  along  with  other  projects  investigating  MEMS 
with  possible  defence  applications. 

Some  non-government  companies  or  laboratories  involved  in  MEMS  research  are  given 
in  Table  1.  As  indicated  above,  these  are  just  a  sample  of  the  many  companies  with  an 
interest  in  MEMS.  Some  US  Government  research  laboratories  are  listed  in  Table  2,  and 
some  academic  research  laboratories  investigating  MEMS  and  associated  technologies 
are  shown  in  Table  3.  The  large  number  of  academic  institutions  investigating  MEMS 
attests  to  the  novelty  of  the  technology;  however,  the  lines  between  academic, 
government  and  commercial  institutions  are  increasingly  becoming  blurred.  In 
particular,  US  Department  of  Energy  laboratories  are  often  operated  externally:  Battelle 
operates  Pacific  Northwest  National  Laboratory,  Oak  Ridge  National  Laboratory  (with 
the  University  of  Tennessee)  and  Brookhaven  National  Laboratory  (with  the  State 
University  of  New  York);  Los  Alamos  National  Laboratory  is  operated  by  the 
University  of  California;  and  Sandia  National  Laboratory  is  operated  by  the  Sandia 
Corporation,  a  Lockheed  Martin  Company. 


Table  1:  Some  MEMS  Companies  or  Non-Government  Research  Laboratories  (all  US). 


Organisation 

Website 

Analog  Devices  iMEMS 

http:/  /  www.analoe.com/iMEMS/ 

Cronos  Integrated  Microsystems 

http:  /  /  www.memsrus.com/ 

MEMS  Optical  LLC 

http:  /  /  www.memsoptical.com/ 

Microsensors  Inc. 

http:/  /  www.microsensors.com/ 

Standard  MEMS  Inc. 

http:  /  /  www.stdmems.com/ 

Tanner  Research 

http:/  /  www.tanner.com/ 

Xerox  Palo  Alto  Research  Center 

http:/  /  www.parc.xerox.com/ 
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Table  2:  Some  Government  Non-Academic  MEMS  Research  Laboratories  (all  US). 


Organisation 

Laboratory  /  website 

Pacific  Northwest 
National  Laboratory 

Micro  Chemical  and  Thermal  Systems  (MicroCats) 
http:/  /  www.pnl.gov/microcats/ 

Sandia  National 
Laboratory 

Microsystems  Science,  Technology  and  Components 
http:/  /  www.mdl.sandia.gov/ 

Table  3:  Some  Academic  MEMS  Research  Laboratories. 


Organisation 

Laboratory/  website 

Dalhousie  University, 
Canada 

MEMS  Laboratory  at  DalTech 
http:/ /micron.me.dal.ca/ 

Technical  University  of 
Denmark,  Denmark 

Mikroelektron  Centret 
http:/ /  www.mic.dtu.dk/ 

Berlin  Technical 
University,  Germany 

Microsensor  and  Actuator  Technology  (MAT) 
http:  /  /  www-mat.ee.tu-berlin.de/ 

Uppsala  University, 
Sweden 

Microstructure  technology 
http:/  /www.mst.material.uu.se/ 

University  of  Neuchatel, 
Switzerland 

Sensors,  Actuators  and  Microsystem  Lab.  (SAMLab) 
http:  /  /  www-samlab.unine.ch/ 

Delft  University  of 

Delft  Institute  of  Microelectronics  and  Submicron 

Technology,  The 
Netherlands 

Technology  (DIMES) 

http:/  /  www.dimes.tudelft.nl/ 

University  of 
Southampton,  UK 

Microelectronics  Centre,  MEMS  Group 
http:/  /  www.mems.ecs.soton.ac.uk/ 

California  Institute  of 
Technology,  USA 

Caltech  Micromachining  Lab 
http:/  /  touch.caltech.edu/ 

University  of  California, 
Berkeley,  USA 

Berkeley  Sensor  and  Actuator  Center  (BSAC) 
http://bsac.eecs.berkelev.edu/ 

University  of  California, 
Los  Angeles,  USA 

UCLA  MEMS 

http:/  /  www.ee.ucla.edu/research/iudvlab/ 

4.  Manufacturing  Technology 


4.1  Materials 

Silicon  is  the  most  widely  used  material  for  manufacturing  MEMS  because,  due  to  the 
integrated  circuit  industry,  it  is  readily  and  economically  available  in  crystalline  wafers 
with  excellent  and  well-defined  mechanical  and  electrical  properties  [3].  Polycrystalline 
silicon  ("polysilicon")  is  also  useful  as  a  structural  material  in  tire  surface 
micromachining  process  [3,  8,  9].  A  new  method  of  crystallizing  polysilicon,  metal- 
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induced  lateral  crystallization  (MILC)  is  claimed  to  give  a  material  with  greatly 
improved  performance  [10]. 

Silicon  oxide  can  be  used  as  the  sacrificial  layer  material  in  the  surface  micromachining 
process  because  it  is  susceptible  to  etching  with  hydrogen  fluoride  whereas  silicon  is 
resistant  to  etching  [3].  Similarly,  silicon  nitride  is  a  useful  masking  material  for 
alkaline  etch  solutions  and  also  as  an  insulating  thin  film  [3].  Silicon  nitride  can  also  be 
used  to  make  MEMS  membranes  [11],  plates  and  cantilevers,  however,  thin  resonating 
structures  operating  in  air  may  show  an  unstable  resonance  frequency  due  to  surface 
oxidation  [12].  Silicon  carbide  offers  advantages  in  hardness  and  resistance  to  harsh 
environments  and  high  temperatures  [13, 14, 15, 16, 17].  Polymers  are  useful  in  sensing 
of  chemical  gases  because  of  their  absorption  and  adsorption  properties  [18]  and 
polymethylmethacrylate  (PMMA)  is  a  useful  polymer  in  the  LIGA  process  (see  below) 
for  forming  high  aspect  ratio  structures. 

Plastic  microdevices  are  useful  for  microfluidic  applications  for  biosensors  and 
biological  assays  and,  as  no  batch  processes  techniques  are  established  for  plastics,  the 
University  of  Michigan  is  investigating  surface  and  bulk  micromachining  of  plastics 
and  the  embedding  of  silicon  devices  into  cast  plastic  substrates  [19].  Harvard 
University  is  also  exploring  new  organic  polymers  and  processes  such  as 
micromoulding  and  microprinting  to  produce  structures  from  them  [20]. 

Research  in  new  materials  for  MEMS  is  also  active.  For  example: 

•  amorphous  alloys  show  promise  as  future  materials  for  MEMS,  being  able  to  be 
extruded  and  forged  using  micro-dies  [21]; 

•  polycaprolactone  is  a  biodegradable  polymer,  which  makes  it  advantageous  for 
implantable  biomedical  microdevices  [22]; 

•  tantalum  oxide  can  act  as  a  protective  coating  for  sensors  [23,  24];  and 

•  polycrystalline  silicon-germanium  can  be  deposited  and  annealed  to  activate 
dopants  (impurities  added  to  affect  the  semiconductor  properties  of  the  silicon) 
at  much  lower  temperatures  than  polysilicon  and  hence  is  a  good  candidate 
structural  material  [25, 26, 27]. 

Two  microdevices,  a  microgripper  and  a  probe  for  atomic  force  microscopy  (AFM), 
have  been  fabricated  from  diamond  using  chemical  vapour  deposition  [28]. 


4.2  Processes 

Conventionally,  the  two  main  classes  of  micromachining  were  bulk  micromachining 
and  surface  micromachining.  Bulk  micromachining  involved  masking  to  protect  areas 
of  the  substrate  (bulk  silicon)  followed  by  wet  etching  to  remove  material  from  the 
substrate  to  leave  structures.  Surface  micromachining  involved  removal  of  a  sacrificial 
thin  film  from  a  surface  using  lithography.  However,  other  techniques  are  now 
available  for  etching  (such  as  reactive  ion  etching),  lithography  (such  as  LIGA,  which 


6 


DSTO-GD-0316 


allows  the  production  of  high  aspect  ratio  structures  from  a  high-energy  lithographic 
process)  and  deposition  of  material  onto  the  substrate. 

Common  etching  processes  include: 

•  Isotropic  Wet  Etching.  A  strong  acid  such  as  a  mixture  of  hydrofluoric,  nitric  and 
acetic  acids  (known  as  "HNA"  or  "poly-etch")  will  dissolve  silicon  uniformly  [3, 8], 
allowing  the  imposition  of  texture  on  a  silicon  surface. 

•  Anisotropic  Wet  Etching.  Certain  wet  enchants  such  as  potassium  hydroxide 
(KOH)  dissolves  different  crystallographic  planes  in  silicon  at  different  rates  [29], 
the  ratio  of  rates  of  etching  for  the  {100},  {110}  and  {111}  planes  being  typically 
400  :  200  : 1  [30].  Thus  V-shaped  grooves  and  trenches  can  be  produced,  delineated 
by  {111}  planes  [3],  allowing  the  manufacture  of  structures  such  as  diaphragms  and 
beams.  Silicon  nitride  [8]  or  thin  metal  films  [31]  can  be  used  as  a  mask  to  protect 
surfaces  from  etching.  However,  KOH  is  not  "cleanroom  compatible"  [32]  and 
tetramethyl  ammonium  hydroxide  (TMAH),  which  has  different  etching  properties 
[33, 34, 35],  may  be  more  suitable,  depending  on  the  application. 

•  Plasma-phase  (Dry)  Etching2.  Plasma-phase  etching  involves  accelerating 
chemically  reactive  species  towards  a  substrate  using  an  electric  or  magnetic  field 
[3,  8].  Deep  Reactive  Ion  Etching  (DRIE)  [36,  37,  38]  allows  the  manufacture  of  high 
aspect  ratio  structures  in  silicon  by  etching  very  deep  trenches  (up  to  500pm)  with 
nearly  vertical  sidewalls  [3].  The  method  involves  a  high-density  (inductively 
coupled)  plasma  source  and  an  alternating  process  of  etching  and  protective 
polymer  deposition  [8]. 

Conventional  lithography  involves  the  application  of  a  photosensitive  emulsion  layer 
(the  "resist")  to  the  substrate,  optically  exposing  it  and  immersing  the  whole  in  a 
developer  [3, 39].  The  exposed  resist  is  dissolved,  leaving  the  features  of  the  unexposed 
resist  protruding  above  the  surface  of  the  substrate.  Aspect  ratios  of  up  to  about  3:1  are 
achievable.  In  polysilicon  surface  micromachining  [9],  a  stack  of  alternating  thin  layers 
of  polysilicon  and  silicon  oxide  is  built.  Each  layer  is  lithographically  etched  before  the 
next  layer  is  deposited.  Finally  the  silicon  oxide  is  dissolved  out  to  leave  polysilicon 
structures.  In  this  way,  gears,  micromotors  and  hinged  plates  can  be  created  and 
devices  such  as  accelerometers  and  yaw-rate  sensors  have  been  produced. 

LIGA  (Lithographie  galvanoformung  abformung  -  German  acronym  for  lithography, 
electroplating  and  moulding)  is  a  process  for  producing  high  aspect  ratio 
microstructures  (HARMs)  [3,  39].  Unlike  conventional  optical  lithography.  X-rays  are 
used  to  produce  the  mould  made  from  a  polymer  resist  (eg,  polymethylmethacrylate 
(PMMA)  [40])  and  a  thin  metal  base.  Electroplating  is  used  to  fill  the  mould  with  a 
metal  and  the  remainder  of  the  resist  is  removed,  leaving  HARMs.  X-ray  lithography 
allows  the  production  of  HARMs  with  aspect  ratios  of  more  than  100,  however,  the  use 
of  collimated  X-rays  from  synchrotrons  makes  this  process  expensive  [3]  (synchrotron 


2  Dry  vapour-phase  etching  is  also  possible  however  it  is  not  as  common  as  plasma-phase 
etching  [0], 
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radiation  sources  and  applications  are  reviewed  in  [41]).  LIGA  type  processes  have 
been  used  to  produce  HARM  structures  in  Ni-Co  [42]  and  PZT  (lead  zirconate 
titanate)  [43].  The  LIGA  process  is  also  being  investigated  at  Sandia  National 
Laboratories  [44].  Nanometre-scale  X-ray  lithography  is  reviewed  in  [45]. 

SCREAM  (Single  Crystal  Reactive  Etching  and  Metallization)  [46]  is  a  combined 
lithographic  /  etching  process.  Standard  lithography  is  used  to  produce  trenches  in 
single-crystal  silicon  (SCS),  which  are  then  protected  with  a  coating  of  silicon  dioxide 
deposited  by  plasma  enhanced  chemical  vapour  deposition  (PECVD).  An  anisotropic 
etch  removes  the  coating  only  at  the  bottom  of  the  trench,  subsequently  allowing  a 
plasma  silicon  etch  to  extend  the  depth  of  the  trench  and  a  dry  isotopic  etch  with 
sulphur  hexafluoride  is  used  to  laterally  etch  the  exposed  sidewalls,  undercutting 
adjacent  structures  and  allowing  the  manufacture  of  suspended  structures.  Some 
applications  for  which  this  technology  has  been  used  are  high-density  memory  [47],  an 
x-y  micropositioning  stage  [48],  a  low-g  microaccelerometer  [49]  and  a  micromirror 
array  [50]. 

Some  deposition  processes  include  [3]: 

•  Epitaxy.  Epitaxy  is  used  to  deposit  a  silicon  layer  on  an  existing  silicon  substrate  by 
vapour-phase  chemical  deposition.  This  allows  layers  with  differing  types  and 
amounts  of  dopant. 

•  Sputter  deposition.  An  object  made  from  the  material  to  be  deposited  is 
bombarded  with  inert  ions  (eg,  Ar,  He)  in  a  vacuum,  causing  material  to  be  ejected 
from  the  object.  This  ejected  material  is  deposited  onto  the  substrate. 

•  Evaporation.  The  material  to  be  deposited  is  heated  to  a  vapour,  which  then 
condenses  on  the  substrate. 

•  Chemical  Vapour  Deposition  (CVD).  A  reaction  is  initiated  in  a  chamber  over  a 
heated  substrate,  causing  the  deposition  of  a  reaction  product.  Depending  on  the 
pressure  and  the  nature  of  the  species  present,  types  of  CVD  include  atmospheric 
pressure  (CVD),  low  pressure  (LPCVD)  and  plasma  enhanced  (PECVD). 
Polysilicon,  silicon  dioxide  and  silicon  nitrides  can  be  deposited  via  this  method. 

A  novel  method  of  producing  MEMS  structures  is  Inkjet  Fabrication,  being 
investigated  by  the  Massachusetts  Institute  of  Technology  (MIT)  [51].  In  this  method,  a 
sacrificial  layer  of  PMMA  is  laid  on  a  substrate,  an  inkjet  printer  head  is  used  to  deposit 
nanoparticles  of  silver  onto  the  PMMA  and  then  the  PMMA  is  dissolved  by  sonication 
in  acetone.  Alternatives  to  PMMA  are  photoresist  and  polyimide,  which  can  also  be 
deposited  using  inkjet  deposition.  A  similar  method  is  being  investigated  at  Uppsala 
University  to  build  microstructures  from  PZT  [52]. 

Another  method  of  producing  MEMS  structures  is  high-resolution  powder  blasting  or 
Abrasive  Jet  Machining  [53,  54].  It  can  be  used  to  make  coarse  features  for  MEMS 
(<  50  |im  minimum  feature  size,  compared  with  sub-micron  size  for  RIE  etching)  [53]. 
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Katoh  et  al.  [55],  describe  a  method  for  three-dimensional  microfabrication  of  PTFE  by 
direct  writing  with  a  TIEGA  process  (Teflon  Included  Etching  and  GAlvanicforming),  a 
LIGA-like  process  which  replaces  hard  x-ray  lithography  with  synchrotron  radiation 
(SR)  direct  photo-etching. 

Mitsubishi  Electric  Corporation  in  conjunction  with  Delft  University  of  Technology 
DIMES  have  developed  a  new  wet  etching  technique,  termed  Single-step 
Electrochemical  Etching  for  Micro  Structures  (SEEMS)  [56].  It  is  a  hydrofluoric  acid 
etch  process  using  one  mask  to  fabricate  freestanding  structures  made  of  single  crystal 
silicon.  An  accelerometer  structure  has  been  made  using  the  process. 

Manufacturing  technologies  being  investigated  under  several  DARPA-funded  projects 
including  the  LIGA  process  mentioned  above  [57,  58,  59],  the  dissolved  wafer  process 
[60]  and  microcasting  for  high  temperature  MEMS  [61,  62]. 


4.3  Elemental  structures 

Some  examples  of  structures  that  can  be  produced  using  the  above  processes  include: 

•  cavities  (pits,  trenches,  grooves,  etc).  Etched  depressions  of  various  geometries, 
which  may  have  straight  or  sloping  sides,  may  be  flat-bottomed  or  V-shaped 
depending  on  the  etch  method; 

•  cantilever  beams.  Linear  structures  supported  at  one  end; 

•  doubly  supported  beams.  Linear  structures  supported  at  both  ends; 

•  diaphragms.  Thin  flexible  planar  structures  surrounded  by  a  thicker  substrate  [63]; 

•  capillaries.  Thin  tubes,  pipettes  [64, 65, 66]; 

•  springs.  Elastic  structures  (usually  thin  beams)  which  can  reversibly  flex  with  a 
defined  amount  of  resistance  [67];  and 

•  hinges.  Two  flat  surfaces  joined  together  at  an  axis  about  which  one  or  both  surface 
can  rotate  [68].  Thus  this  is  one  method  of  producing  HARMs  using  planar  silicon 
wafer  technology.  For  example,  the  University  of  Colorado's  self-assembly  method 
[69]  or  the  University  of  California,  Berkeley's  "pop-up"  method  [68]  can  be  used  to 
produce  comer  cube  reflectors  (CCRs)  for  optical  communication  or  for 
Identification  Friend  or  Foe  [1]  applications. 

These  elemental  structures  can  be  combined  to  from  more  complex  ones,  which  can 

then  be  integrated  and  packaged  to  produce  MEMS  devices. 


4.4  Packaging 

Packaging  is  an  important  part  of  manufacturing  robust  MEMS  devices,  due  to  their 
inherent  fragility.  In  conventional  integrated  circuits,  up  to  95%  of  the  manufacturing 
cost  is  attributable  to  the  packaging  process  and  may  run  higher  for  MEMS  [70]. 
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MEMS  packaging  technologies  are  being  investigated  by  Raytheon  [71],  Bell 
Laboratories  [72],  Lawrence  Livermore  National  Laboratories  [73],  the  University  of 
California  at  Berkeley  [74,  75]  and  the  University  of  Tokyo  [76].  The  Raytheon  devices 
are  being  demonstrated  in  Autonomous  Networked  Tactical  Sentries  (ANTS),  wireless 
communication  and  torpedo  fuzing  and  safety  and  arming  systems. 

Vacuum  encapsulation  is  required  in  many  MEMS  devices  to  prevent  problems  due  to 
temperature-induced  gas  expansion,  squeeze  film  damping  [77]  and  stiction  [78]. 
Friction  is  also  important  in  micro-scale  objects  composed  of  silicon  [79]  and  long  term 
stability  and  service  life  of  MEMS  remain  important  issues  [80, 81]. 


4.5  Modelling  and  simulation 

Modelling  and  simulation  studies  of  MEMS  manufacturing  issues  include: 

•  3D  simulation  of  natural  frequency  shift  due  to  external  forces  [82]; 

•  optimal  synthesis  of  microaccelerometers  [83]; 

•  simulation  of  anisotropic  wet-chemical  etching  [84]; 

•  modelling  and  simulation  of  the  squeeze  film  effect  [85];  and 

•  modelling  effects  of  surface  tension  on  surface  topology  in  spin  coating  [86]. 


5.  Devices 


The  processing  methods  described  in  Section  4.2,  and  the  structures  so  formed 
(described  in  Section  4.3)  can  be  used  to  manufacture  MEMS  devices,  which  are 
generally  classified  as  either  sensors  or  actuators.  Sensors  detect  something  or  measure 
some  property  while  actuators  perform  some  action.  In  effect,  they  are  both 
transducers,  converting  one  form  of  energy  into  another.  Sensors  generally  convert 
some  other  form  of  energy  into  electricity,  so  that  a  measurement  may  be  recorded, 
transmitted,  etc.  Actuators  may  convert  electrical  energy  into  movement  however, 
there  are  other  methods  of  actuation  such  as  thermal,  impact,  piezoelectric  and  shape 
memory  alloy  [3,  Bl3].  As  described  in  Section  2  above,  the  small  size  of  MEMS  devices 
also  leads  to  the  possibility  of  "active  control",  where  deviations  from  a  standard 
condition  are  sensed  by  MEMS  sensors  and  are  corrected  at  the  same  point  by  MEMS 
actuators,  without  recourse  to  a  central  processor. 


3  "Bl"  refers  to  item  1  in  the  Bibliography. 
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5.1  Sensors 

Macroscopic  sensors  such  as  gyroscopes  have  been  in  use  for  a  long  time  [B39  -  B46]. 
Sensors  may  be  classified  by  the  type  of  property  that  they  measure  as  indicated  in 
Figure  24.  The  mechanical  nature  of  MEMS  means  that  they  are  particularly  suited  to 
the  measurement  of  mechanical  properties,  however,  as  indicated  below,  they  can  also 
be  used  for  measuring  other  properties. 
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Figure  2:  Some  possible  sensor  types  and  measurands 


5.1.1  Pressure 

Some  of  the  earliest  MEMS  devices  constructed  were  piezoresistive  pressure  sensors 
[88,  89].  These  can  be  made  using  a  silicon  diaphragm  containing  four  thin-film 
resistors  near  the  edges  in  a  Wheatstone  bridge  configuration.  One  side  of  the 
diaphragm  is  in  a  sealed  cavity  at  a  reference  pressure.  Oranges  in  pressure  on  the 
other  side  of  the  diaphragm  cause  it  to  flex,  which  increases  the  resistance  in  two  of  the 
resistors  and  decreases  it  in  the  other  two.  By  previously  calibrating  the  device, 
changes  in  resistance  can  be  converted  to  pressure  measurements.  In  measuring 


4  Although  not  pursued  further  here,  sensors  could  also  be  classified  by  other  criteria,  for 
example,  by  their  specifications  (sensitivity,  resolution,  etc),  materials  or  fields  of  application 
[0]. 
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differential  pressure,  two  such  devices  in  tandem  can  be  used  to  offset  errors  due  to 
changes  in  static  pressure  and  ambient  temperature  [90]. 

Various  other  pressure  sensors  being  investigated  include: 

•  a  differential  pressure  sensor  with  a  sealed  gap  to  prevent  contamination  [91]; 

•  a  low  cost  batch-sealed  capacitive  pressure  sensor  [92]; 

•  a  low-voltage  force-balanced  pressure  sensor  [93]; 

•  wireless  ceramic  pressure  sensors  for  high-temperature  applications  [94]; 

•  capacitive  microphones  for  applications  such  as  hearing  aids  [95, 96]; 

•  sensors  integrated  into  car  tyres  to  read  and  transmit  inflation  pressure  [97]; 

•  an  integrated  3D  tactile  sensor  for  space  robotic  applications  [98]; 

•  a  multi-function  integrated  film  (MIF)  tactile  sensor  [99]; 

•  a  hybrid  silicon-fibre  optic  pressure  sensor  array  for  tactile  sensing  [100];  and 

•  a  piezoelectric  tactile  sensor  for  an  endoscopic  grasper  [101]. 

5.1.2  Mass  /  load 

A  silicon  load  cell  has  been  developed  with  a  surface  area  of  1  cm2  and  which  can 
measure  loads  up  to  1000  kg  [102].  An  array  of  sensing  elements  is  used  to  make  the 
load  cell  less  sensitive  to  non-homogeneous  load  distributions.  The  design  has  two 
bonded  silicon  wafers,  the  bottom  layer  containing  an  electrode  pattern  forming  an 
array  of  capacitors  with  the  top  wafer  as  a  common  electrode.  A  load  placed  on  the  top 
wafer  compresses  the  cell,  increasing  the  capacitance.  An  accuracy  of  0.2%  of  full  scale 
was  demonstrated  in  the  prototype  and  an  accuracy  of  0.03%  is  planned  with  future 
improvements  such  as  optimisation  of  the  measurement  set-up  and  an  increased 
number  of  capacitors. 

A  micromachined  capacitive  silicon  scale  has  been  designed  and  fabricated  by  VTT  in 
Finland  [103].  It  can  weigh  masses  of  around  1  g  with  a  resolution  of  1  ppm.  The  device 
measures  the  capacitance  between  a  flexible  electrode  and  a  rigid  electrode.  The  rigid 
electrode  is  divided  into  three  sections  to  detect  differences  in  capacitance  caused  by 
tilting  of  the  flexible  electrode  due  to  an  off-centre  load.  Electrostatic  force  feedback  is 
used  to  keep  the  top  electrode  horizontal  to  correct  for  this.  The  resolution  can  be 
improved  down  to  0.01  ppm,  but  this  kind  of  device  can  only  be  used  in  very  stable 
environments. 

5.1.3  Acceleration,  velocity,  position,  orientation  and  IMUs 

MEMS  accelerometers  generally  consist  of  a  proof-mass  suspended  by  a  "spring", 
which  in  MEMS  is  usually  a  cantilever  or  beam  [3].  When  the  device  is  subjected  to 
acceleration,  the  inertia  of  the  mass  causes  changes  in  the  gap  between  it  and  the  bulk 
of  the  device.  Vibration  sensors  can  operate  using  the  same  principle  [104].  The  mass 
may  move  out  of  the  plane  of  the  silicon  wafer  or  in  the  plane  (as  is  common  in  surface 
micromachined  devices).  The  displacement  of  the  mass  may  be  measured  using  many 
different  methods,  for  example: 
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•  capadtively  -  by  measuring  the  change  in  the  gap  between  the  mass  and  the  bulk 
of  the  device  or  between  combs  fitted  to  the  mass  and  the  bulk  device  [105].  For 
space-based  inertial  systems,  capadtive  force  balanced  accelerometers  appear  to  be 
most  attractive  [106]; 

•  piezoresistively  -  by  measuring  the  flexing  of  the  spring,  in  a  similar  manner  to  the 
pressure  transducers  described  above  [105, 107]; 

•  thermally  -  the  temperature  flux  from  a  heater  to  a  heat-sink  is  inversely 
proportional  to  their  separation  (temperature  measured  using  thermopiles)  [105]; 

•  using  quantum  tunnelling  -  changes  in  a  tunnelling  current  flowing  between  one 
tunnelling  tip  and  its  counter  electrode  is  used  to  sense  displacement  [105]; 

•  using  resonance  -  the  proof-mass  inertial  force  is  transferred  to  axial  force  on 
resonant  beams,  thus  changing  their  frequency  [105]; 

•  using  changes  in  Surface  Acoustic  Waves  (SAWs)  [108,  B36]  -  surface  acoustic 
waves  travel  on  silicon  or  a  piezoelectric  substrate  between  a  pair  of  Inter-Digital 
Transducers  (IDTs,  metal  fingers).  The  time  of  travel  depends  on  the  physical 
variables  [109]  and  hence  changes  in  the  phase  of  the  wave  can  be  used  to  measure 
acceleration; 

•  optically  -  the  displacement  of  the  mass  is  measured  by  changes  in  intensity  of 
light,  either  through  displacement  of  a  waveguide  or  displacement  of  a 
micromachine  such  as  a  mirror  reflecting  light  back  into  the  optical  fibre  [110];  and 

•  using  Modulated  Integrative  Differential  Optical  Sensing  (MIDOS)  -  an  optical 
method  that  measures  the  change  in  illumination  of  photodiodes  obscured  by  the 
proof-mass  [111]. 

An  early  version  of  a  capacitive  accelerometer  is  described  in  [89].  It  is  manufactured 
by  forming  a  cantilever  beam  with  a  gold  weight  on  the  end  over  a  flat-bottomed 
cavity.  A  metal  layer  is  deposited  over  the  top  of  the  cantilever  forming  a  capacitor 
between  itself  and  the  silicon  on  the  bottom  of  the  well.  If  the  device  is  moved 
suddenly,  the  inertia  of  the  gold  weight  causes  the  beam  to  flex,  changing  the  air  gap 
between  the  beam  and  the  silicon  and  changing  the  capacitance.  Capacitive  pressure 
sensors  operate  on  a  similar  principle,  using  a  diaphragm  made  of  polysilicon  as  the 
top  electrode  and  an  electrode  on  the  bottom  of  the  cavity  below  [112]. 

The  Toyohashi  University  of  Technology  is  investigating  fabrication  of  a  three-axis 
accelerometer  [113].  The  accelerometer  is  integrated  with  commercial  CMOS  circuits  to 
reduce  the  total  cost  of  the  device. 

Rotation  sensors  are  useful  for  tachometers  and' for  measurement  and  control  of  objects 
such  as  gears  or  shafts.  A  non-contact  high-speed  MEMS  rotation  sensor  has  been 
developed  [114].  It  is  produced  by  surface-micromachining  using  the  MCNC  (now 
Cronos)  Multi-User  MEMS  Processes  (MUMPs)  facility.  It  has  polysilicon  cantilever 
beams  supporting  a  multi-layered  mass  platform.  On  rotation,  the  mass  is  pushed 
outwards  and  the  deflection  of  the  beams  causes  a  change  in  resistance  in  the 
polysilicon  that  can  be  converted  into  a  measurable  change  of  voltage  by  connecting 
the  sensors  in  a  Wheatstone-bridge  configuration.  The  device  can  measure  rotation 
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speeds  of  100  -  6000  rpm.  It  is  planned  that  it  will  be  linked  to  a  wireless  transmission 
chip  for  communication. 

Micro-gyroscopes  are  being  developed  in  the  US  [115],  Germany  [116],  Japan  [117, 118], 
Korea  [119,  120,  121]  and  Singapore  [122].  Applications  include  automotive, 
camcorders  and  virtual  reality  head  mounted  displays  (HMD)  [119],  Gyroscopes  can 
also  be  made  from  SAW  devices  [108]. 

A  surface  micromachined  sensor,  which  measures  magnetic  fields  using  the  Lorentz 
force,  has  been  developed  by  the  Robert  Bosch  GmbH  Automotive  Equipment 
Division  [123].  A  defined  current  through  a  conducting  beam  interacting  with  an 
external  magnetic  field  causes  lateral  displacement  of  the  beam,  which  is  converted 
into  a  capacitance  change  by  comb-electrodes  forming  a  differential  capacitor.  An 
alternative  magnetic  field  sensor  design  is  being  developed  at  the  University  of 
Montpellier  in  France  [124].  The  sensing  principle  is  based  on  the  deformation  of  a 
ferromagnetic  mechanical  structure  due  to  magnetic  forces. 

Many  MEMS  projects  sponsored  by  DARPA  involve  development  of  sensors  for 
measurement  of  acceleration,  velocity  and  orientation  (via  magnetometry),  with 
obvious  applicability  to  missile  and  projectile  guidance.  DARPA-funded  MEMS 
accelerometer  research  is  being  conducted  by  Integrated  Micro  Instruments  [125],  the 
University  of  Michigan  [126,  105,  127]  and  the  University  of  California,  Los 
Angeles  (UCLA)  [128]. 

DARPA-funded  MEMS  inertial  measurement  units  (IMUs)  are  being  developed  by 
Carnegie  Mellon  University  [129, 130, 131, 132]  and  Draper  Laboratory  [133, 134].  IMUs 
have  three  accelerometer  sensors,  providing  all  the  information  on  acceleration  needed 
to  determine  actual  position  for  inertial  navigation  [135].  Depending  on  the  accuracy  of 
the  IMU,  Global  Positioning  System  (GPS)  guidance  may  be  required  to  correct  errors 
in  the  inertial  navigation  [135].  Candidate  systems  for  the  Draper  MEMS  IMUs  are  the 
US  Navy's  5"  Extended  Range  Guided  Munition  (ERGM)  Ex-171  projectile  and  the  US 
Army's  XM-982 155  mm  guided  projectile  [133].  Draper  has  also  been  chosen  to  design, 
fabricate  and  test  the  gyro  package  for  the  US  Army's  Precision  Guided  Mortar 
Munition  (PGMM)  program.  The  US  Air  Force  is  evaluating  Draper's  gyros  for  MEMS 
insertion  into  its  Wind  Corrected  Munitions  Dispenser  (WCMD)  [133]. 

5.1.4  Flow 

The  California  Institute  of  Technology  is  developing  MEMS  flow  sensors  for  nano¬ 
fluidic  applications  [136].  The  sensors  use  a  boron-doped  polysilicon  thin-film  heater 
that  is  embedded  in  the  silicon  nitride  wall  of  a  microchannel.  The  sensors  have  a  flow 
rate  resolution  of  less  than  10  nL/min.  Applications  include  microchromatography, 
biochemical  detection  and  mass  spectrometry. 
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Another  flow  sensor  is  based  on  a  common  piezoresistive  pressure  sensor  with  an 
orifice  in  the  sensor  diaphragm  that  forms  a  flow  restriction  [137].  The  measurement 
range  of  the  sensor  is  between  about  2-32  mL/min  with  orifice  diameters  of 
100  -  400  |xm. 

Particle  image  velocimetry  (PIV)  can  be  used  to  measure  high-speed  particle  flow 
velocities  in  microchannels  such  as  micronozzles  for  thrusters  for  small-scale  aircraft 
and  spacecraft  [138]. 

A  micromachined  Coulter  counter  has  been  designed  at  the  University  of 
Southampton  [139].  A  Coulter  counter  measures  the  number  and  size  of  particles  in  an 
electrically  conducting  fluid  by  the  change  in  electrical  resistance  between  two 
electrodes  as  particles  pass  between  them.  One  particular  application  is  the  counting  of 
red  blood  cells  in  blood. 

A  combination  blood  pressure/flow/oxygen  sensor  chip  has  been  developed  at  the 
Delft  University  of  Technology  that  can  be  fitted  to  a  catheter  [140, 141].  It  contains  an 
absolute  pressure  sensor  to  measure  blood  pressure,  a  thermal  flow  sensor  to  measure 
blood  flow  velocity  and  a  colour  sensor  to  measure  blood  oxygen  saturation  [140].  The 
pressure  sensor  operates  via  a  Wheatstone  bridge  of  polysilicon  piezoresistors  that 
measure  the  deflection  of  a  polysilicon  membrane  with  pressure.  The  flow  velocity  is 
measured  using  the  principle  of  thermal  transfer.  The  blood  is  locally  heated  to  2°C 
above  ambient  with  a  polysilicon  resistor,  and  the  temperature  rise  is  measured 
upstream  and  downstream  of  the  heater  using  polysilicon  -  aluminium  thermopiles. 
The  colour  sensor  consists  of  two  vertically  stacked  photodiodes,  the  top  diode  giving  a 
signal  from  both  IR  and  visible  red  light,  while  the  deeper  diode  only  gives  a  signal 
from  the  IR  light,  due  to  the  greater  penetration  of  the  IR  photons.  Together,  absorption 
in  both  wavelengths  can  be  determined  and  the  oxygen  saturation  calculated.  The  light 
required  is  applied  via  a  separate  optical  fibre  in  the  catheter.  The  chip  containing  the 
three  sensors  is  1  mm  wide  and  7  mm  long. 

5.1.5  Shear  stress  and  strain 

MEMS  sensors  have  great  potential  for  measurement  of  aerodynamic  information  on 
the  surface  of  aerial  vehicles,  however  attaching  sensors  is  difficult  because  the  surfaces 
of  aerial  vehicles  are  not  flat.  One  method  is  to  install  arrays  of  MEMS  sensors  in  a 
flexible  skin  so  that  the  can  be  applied  to  a  surface  “like  a  Scotch  tape"  [142].  This  new 
skin  technology  uses  DRIE  to  improve  yield  and  allows  the  skins  to  be  array  bonded  to 
flexible  Kapton  PCBs,  completely  avoiding  bonding  wires  [142].  The  shear  stress 
sensors  themselves  are  vacuum-insulated  diaphragm-type  thermal  sensors  capable  of 
measuring  the  wall  shear  stress  exerted  by  viscous  flow  [143].  The  new  sensor  system 
has  been  successfully  tested  in  wind  tunnel  and  UAV  trials.  The  system  will  eventually 
be  used  for  the  real-time  manoeuvring  control  of  the  UAV. 
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Two  air  flow  sensors  modelled  on  wind  receptor  hairs  of  insects  has  been  fabricated  at 
the  University  of  Tokyo  [144].  Both  sensors  have  cantilevers  ("hairs"),  which  have 
strain  gauges  at  the  bottom  to  detect  deflection  of  the  cantilever.  The  output  voltage 
was  found  to  be  proportional  to  the  velocity  of  air  flow,  in  good  agreement  with 
theory. 

A  multi-sensor  chip  for  use  as  a  mass  flowmeter  has  been  developed  at  the  California 
Institute  of  Technology  containing  a  ID  array  of  pressure,  temperature  and  shear  stress 
sensors  [145].  The  shear  stress  sensor  is  a  heated  resistor  sitting  on  a  vacuum  cavity. 
The  heat  loss  of  the  resistor  is  a  function  of  the  velocity  gradient,  i.e.,  the  wall  shear 
stress  of  the  ambient  fluid. 

MEMS  low  profile,  low  power,  uni-  and  multi-axial  strain  transducers  are  being 
developed  by  Sarcos  Research  Corporation  under  a  DARPA-funded  project  for  the 
measurement  of  strain  for  structural  health  monitoring  of  aircraft  [146, 147]. 

A  laterally  deflecting  device  that  can  be  used  to  electronically  monitor  residual  strain 
via  differential  capacitance  change  is  being  developed  at  the  University  of  Wisconsin 
[148].  The  device  can  also  supply  Young's  modulus  of  microstructural  materials  by 
plotting  capacitance  against  voltage. 

Wireless  embedded  MEMS  strain  sensors  have  been  used  to  measure  in-plane  strains 
in  laminate  fibre-reinforced  polymer  composites  [149],  Three  different  piezoresistive 
strain  sensor  designs  were  fabricated  on  silicon  wafers:  a  monofilament,  a  cantilever 
beam  and  a  curved  (hoop)  cantilever  beam.  The  sensors  were  evaluated  for  sensitivity, 
repeatability  and  reliability  under  cyclic  loading.  The  monofilament  sensors  were  the 
most  sensitive,  but  also  showed  the  greatest  variability.  Only  the  curved-beam  off- 
surface  sensors  responded  consistently  to  loads  (whether  applied  under  uniaxial  or 
bending  conditions)  and  were  insensitive  to  the  laminate  thickness  of  the  composite. 
The  cantilever  beam  sensors  showed  similarly  responses  to  the  curved  beam  sensors, 
but  their  response  to  compression  loads  indicated  a  greater  tendency  for  buckling. 

5.1.6  Radiation  and  microscopy 

There  are  two  types  of  infrared  (IR)  detectors  [150]: 

•  photon  detectors  in  which  the  absorbed  photons  directly  produce  free  electrons  and 
holes.  Sensors  with  very  high  detectivity  can  be  manufactured  using  this  method, 
but  are  very  expensive  and  require  cryogenic  cooling;  and 

•  thermal  detectors  in  which  the  absorbed  photons  produce  a  temperature  change 
which  is  then  indirectly  measured  using  a  temperature  dependent  property  of  the 
detector  material.  A  bolometer  is  one  type  of  thermal  IR  detector.  The  design 
approach  and  technology  of  the  development  of  IR-sensing  microbolometers  for 
uncooled  thermal  IR  arrays  are  discussed  in  [150].  Another  approach  uses  the 
absorbed  radiation  to  produce  a  temperature  difference  in  two  materials  [151]. 
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Conductors  connecting  the  two  materials  produce  a  voltage  difference  proportional 
to  the  temperature  difference. 

The  Korea  Advanced  Institute  of  Science  and  Technology  (KAIST)  is  investigating  a 
Micromachined  Isolated  Silicon  Diode  for  IR  detection  (MISIR)  [152].  The  device  can  be 
operated  at  room  temperature  without  cryogenic  cooling.  It  shows  a  very  high 
detectivity  of  1.2xl010  cm.Hzy2/W.  A  MISIR  imaging  system  is  under  development. 

In  a  DARPA-funded  project,  the  University  of  California,  Berkeley  with  Raytheon  are 
investigating  a  direct-view  uncooled  micro-optomechanical  IR  camera  [153]  based  on 
thermomechanical  sensing,  with  a  focal  plane  array  consisting  of  bimaterial  cantilever 
beams  in  each  pixel.  Absorption  of  incident  IR  radiation  by  a  particular  cantilever 
raises  its  temperature,  resulting  in  deflection  (bending)  due  to  differences  in  thermal 
expansion  coefficients  of  the  two  materials.  A  visible  optical  system  simultaneously 
measures  the  deflections  of  all  the  cantilevers  using  either  diffraction  or  interferometry 
and  projects  a  visible  image  of  the  IR  radiation  onto  the  human  eye. 

The  Samoff  Corporation  is  investigating  a  MEMS  direct-view  IR  vision  system  under 
another  DARPA-funded  project  [154],  The  objective  is  to  demonstrate  that  arrays  of  IR 
detectors  can  be  built  and  have  the  required  performance  to  act  as  imaging  IR  pixels  for 
night  vision.  The  approach  uses  bi-material  detectors  and  field  emitters  to  provide  a 
direct  conversion  of  IR  photons  to  a  visible  display  without  the  intervening  electronics. 

Various  visible  sensors  are  also  being  developed  including  a  visual  sensor  based  on  a 
fly's  compound  eye  to  aid  in  real-time  sensory-guided  flight  [155, 156]  and  an  optical 
scanner  with  dimensions  2.0  x  4.0  x  2.8  mm  [157].  MEMS  technology  is  also  being 
applied  to  the  manufacture  of  probes  for  scanning  near-field  optical  microscopy 
(SNOM)  [158, 159]  and  atomic  force  microscopy  (AFM)  [160, 161,162]. 

5.1.7  Chemical 

Many  gas  sensors  operate  by  adsorption  of  gas  molecules  onto  the  surface  of  a  metal- 
oxide  element,  reducing  the  surface  conductivity  [3,  163].  Different  metal  oxides  are 
selective  for  different  gases. 

A  "polychromator"  is  being  developed  by  Honeywell  under  a  DARPA  contract  [164].  It 
is  a  MEMS-based  optical  correlation  spectrometer  and  has  applications  in  remote 
detection  and  analysis  of  chemical  species  such  as  chemical  weapons  detection, 
combustion  exhaust  plumes  and  environmental  compliance  monitoring. 

The  Federal  Institute  of  Technology,  Zurich,  Switzerland  (ETH)  is  investigating 
calorimetric  chemical  sensors  [165,  166,  167].  The  sensors  measure  enthalpy  changes 
that  occur  when  an  analyte  is  absorbed  into,  or  desorbed  from,  a  chemically  sensitive 
layer  (eg,  a  polymer  as  mentioned  in  section  4.1).  The  enthalpy  changes  cause  a 
temperature  change,  which  is  measured  by  a  temperature  sensor.  The  chemical  sensors 
have  been  used  to  measure  toluene  and  ethanol  vapour  concentration.  ETH  is  also 
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investigating  capacitive  chemical  microsensors  for  discriminating  organic  vapours  by 
using  thick  chemically  sensitive  polymer  layers  in  CMOS  capacitors  [168].  For  thin 
polymer  layers,  the  capacitance  increases  for  all  analytes,  whereas  for  thick  polymers, 
the  direction  of  the  capacitance  change  depends  on  the  dielectric  constant  of  the 
analyte.  Thus,  for  example,  the  sensor  can  be  made  to  be  sensitive  to  ethanol,  while 
insensitive  to  octane. 

A  micro  gas  sensor  based  on  both  mass  and  conductivity  measurement  developed  by 
the  Peking  University  offers  an  improvement  in  the  selectivity  of  gas-sensitive  films  to 
the  detected  gas  [169],  The  principle  of  operation  is  that  the  charge-mass  ratio  of  the 
detected  gas  is  obtained,  thus  identifying  the  gas  molecule.  The  charge  is  obtained  by 
measuring  the  conductivity  change  of  a  gas-sensitive  film  on  adsorption.  The  gas- 
sensitive  film  sits  on  a  resonator,  and  the  mass  of  the  molecule  is  obtained  by 
measuring  the  shift  in  resonator  frequency  on  adsorption. 

A  novel  MOSFET  gas  sensor  has  been  designed,  fabricated  and  characterised  [170].  The 
device  consists  of  a  heating  resistor,  a  diode  used  as  a  temperature  sensor  and  an  array 
of  four  MOSFETs,  operating  at  a  temperature  of  170°C.  Three  of  the  MOSFET  gates  are 
covered  with  thin  layers  of  catalytic  materials  so  that  they  can  act  as  gas  sensors.  The 
fourth  is  covered  with  the  standard  nitride  coating,  which  could  act  as  a  reference.  The 
device  shows  good  sensitivity  to  hydrogen  and  ammonia. 

A  humidity  sensor  is  being  developed  by  the  University  of  Michigan  [171].  The  sensor 
is  1  mm2  and  designed  to  fit  into  a  hermetic  micropackage,  such  as  an  implantable 
microstimulator.  The  sensor  consists  of  a  thin  layer  of  polyimide,  which  can  absorb 
moisture,  sandwiched  between  two  conductive  electrodes  to  form  a  moisture  sensitive 
capacitor.  The  sensitivity  is  0.86  pF/  %RH. 

Other  MEMS  applications  for  chemical  sensors  being  developed  include: 

•  laser-induced  fluorescence  for  analysis  of  aromatic  compounds  in  water  [172]; 

•  a  waveguide  immunofluorescence  sensor  for  water  pollution  analysis  [173]; 

•  ion  selective  sensors  for  groundwater  monitoring  [174]; 

•  polymer-coated  quartz  crystal  resonators  for  organic  chemical  detection  [175, 176]; 

•  acoustic  plate  mode  sensors  for  metal  ion  solutions  analysis  [1 77]; 

•  a  chemically  selective  coated  quartz  microbalance  array  for  detection  of  volatile 
organic  compounds  [178]; 

•  work  function  sensors  (measuring  changes  in  surface  potential  on  adsorption)  for 
gas  detection  at  room  temperatures  [179]; 

•  surface  acoustic  wave  sensors  for  the  detection  of  volatile  organics  [180, 181, 182]; 

•  detection  of  hydrocarbon  vapours  by  ATR-leaky  mode  spectroscopy  [183]; 

•  voltametric  sensors  for  trace  metals  analysis  [184]; 

•  stripping  electrochemistry  /  piezoelectric  sensors  for  heavy  metal  detection  [185]; 

•  a  lead  sulphide  detector  for  near  infrared  spectroscopy  [186]; 

•  a  colorimetric  spectrometer  for  NH3  determination  in  a  flow  injection  cell  [187]; 

•  a  near  infrared  microspectrometer  based  on  LIGA  technology  [188]; 
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•  a  micro-sensor  for  NMR  spectroscopy  of  nanolitre  sample  volumes  [189];  and 

•  a  mass  imaging  spectrometer  on  a  chip  (MISOC)  [190]. 

5.1.8  Smart  tongues  and  noses 

Smart  tongues  "taste"  a  solution,  while  smart  noses  "smell"  vapours.  Both  involve  the 
identification  and  quantification  of  complex  mixtures  using  multiple  microsensors. 
These  technologies  are  reviewed  in  [191, 192]. 

Three  different  types  of  polymer-coated  CMOS-based  chemical  microsensors  suitable 
for  use  in  micronoses  were  studied  at  ETH  Zurich  in  Switzerland  [193].  The  first  sensor 
is  a  microcapacitor  sensitive  to  changes  in  dielectric  properties  of  the  polymer  caused 
by  analyte  absorption.  The  second  sensor  is  a  resonant  cantilever  sensitive  to  mass 
changes.  The  third  sensor  is  a  microcalorimeter  that  measures  the  absorption  or 
desorption  heat  of  organic  volatiles  in  the  polymer  layer. 

A  nanomechanical  "nose"  is  being  developed  in  Switzerland  by  the  IBM  Research 
Division  Zurich  Research  Laboratory,  in  conjunction  with  the  University  of  Basel  [194]. 
It  is  based  on  a  microfabricated  array  of  silicon  cantilevers,  each  of  which  is  sensitised 
with  a  metal  coating  for  the  detection  of  various  analytes  (eg,  ethene  or  water). 
Analytes  absorbing  on  the  coating  produce  a  change  in  surface  stress,  resulting  in 
bending  of  the  cantilever.  The  bending  is  measured  using  a  time-multiplexed  optical 
beam-deflection  technique,  giving  quantitative  information  on  analyte  species  and 
concentration.  The  advantage  of  this  sensor  is  that  it  can  use  reference  sensors  to 
subtract  the  background  for  differential  measurements. 

An  electronic  "tongue",  i.e.  a  micromachined  sensor  array  for  the  rapid 
characterisation  of  multi-component  mixtures  in  aqueous  media,  is  being  developed  at 
the  University  of  Texas  [195].  The  sensor  uses  an  array  of  individually  immobilised 
polystyrene-polyethylene  glycol  composite  microspheres.  Sensing  occurs  via 
colorimetric  or  fluorometric  changes  to  indicator  molecules  that  are  covalently  bound 
to  amine  termination  sites  on  the  polymeric  microspheres. 


5.2  Actuators 

By  definition,  MEMS  actuators  perform  some  action.  Solid  objects  can  be  moved  in  a 
number  of  ways  such  as  translation  (eg,  pistons,  comb  drive,  barrier  insertion  for 
optical  switches),  rotation  (eg,  cogs,  gears,  micromotors)  and  tilting  (eg,  mirrors). 

Actuators  may  also  be  classified  by  their  method  of  actuation  [3,  Bl]: 

•  Electrostatic:  creating  opposite  electric  charges  on  two  objects  will  cause  an 
attractive  force  between  them. 

•  Magnetic:  electrical  current  through  a  conductive  element  in  a  permanent  magnetic 
field  gives  rise  to  an  electromagnetic  force  (the  Lorentz  force)  [196]. 
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•  Piezoelectric:  applying  a  potential  to  a  piezoelectric  material  causes  it  to  change 
size,  exerting  force  [19 7], 

•  Thermal:  changes  in  temperature  cause  materials  to  expand  or  contract,  exerting 
force  (eg,  electrothermal  [198]  or  bent-beam  actuators  [199,  200]).  Careful  design 
can  make  the  degree  of  actuation  dependent  on  absolute  temperature  or  on  a 
difference  in  temperature. 

•  Shape-memory  alloys:  Some  materials  can  be  deformed  but,  after  heating  above  a 
critical  temperature,  will  return  to  their  original  shape  [201,  202].  This  form  of 
actuation  offers  the  greatest  energy  density.  For  example,  this  technology  has  been 
used  to  make  active  catheters,  which  can  be  controllably  steered  in  blood  vessels 
[203, 204, 205, 206,  99]  and  for  microelectrodes  that  can  grip  nerves  for  insect  neural 
recording  [207, 208]. 

•  Polyimide  joint  technology:  An  alternative  to  shape  memory  alloys  is  based  on  the 
thermal  expansion  properties  of  polyimide  [209],  By  inserting  polyimide  into  a 
number  of  V-grooves  in  joints  and  varying  the  cure  temperature  allows  for  out-of¬ 
plane  bending  to  construct  3D  devices.  In  addition,  the  relatively  large  thermal 
expansion  of  polyimide  allows  it  to  be  used  in  dynamic  applications  for  actuators. 
Examples  of  applications  using  this  technology  include  a  3D  hot-wire  flow  sensor 
[209]  and  a  microconveyor  based  on  arrays  of  movable  silicon  legs  [210]. 

5.2.1  Micromirrors 

There  is  much  ongoing  research  in  micromirrors,  especially  with  application  as 
components  of  deformable  mirrors  for  adaptive  optics  [211].  In  a  DARPA-funded 
project,  Boston  University  is  investigating  silicon  based  deformable  mirrors  [212].  The 
mirrors  are  composed  of  a  massively  parallel  system  of  electrostatically  controlled, 
interconnected,  surface  normal  microactuators.  Above  the  actuator  array  is  a 
continuous  or  segmented  mirror  membrane.  Applications  include  astronomy,  medical 
imaging  and  optical  correlation.  In  another  DARPA  contract,  UCLA  is  investigating 
aerogel  MEMS  fast  steering  mirrors  for  inter-satellite  communications  and  other 
satellite  applications  [213]. 

Single  laser  beam  mirror  devices  require  large  deflection  angles  and  reflective  areas, 
such  as  that  designed  to  make  up  the  deflection  part  of  the  telemetric  system  of  a  3D- 
laser  camera  for  robotic  applications  [214].  Research  aimed  towards  improving  optical 
properties  of  micromirrors  is  also  topical  [215].  MEMS  lenses  can  also  be  fabricated 
[216,  217]  and  also  curved  antennas  that  can  change  their  reflector  shape  through  the 
use  of  piezoelectric  actuators  [218]. 

Other  applications  for  micromirrors  include  data  storage  [219,  220],  microscanners 
[221],  bar  code  readers  [222,  223],  head  mounted  displays  [224,  225],  satellite  signal 
focussing  [226],  accelerometers  [227],  optical  data  interconnect  [228],  real-time  image 
recognition  [228],  optical  interferometry  [228],  spectroscopy  [228],  aberration  correction 
[228],  optical  switches  [229,  230]  and  astrophysics  [231]. 
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5.2.2  Microfluidic  devices 

Actuators  for  fluids  include  microvalves,  micropumps  and  mixers. 

Microvalves  may  be  actuated  using  many  different  methods,  including  piezoelectric 
[232,  233],  electrostatic  [232,  233],  thermal  expansion  [232],  bimetallic  [233],  pneumatic 
[234],  electromagnetic  [235],  thermopneumatic  [236,  237],  capillarity  [238]  and  shape 
memory  alloys  [239].  For  example,  a  thermopneumatic  microvalve  can  be  made  by 
inserting  a  resistive  heater  into  an  enclosed  cavity  behind  a  diaphragm.  Applying  a 
current  to  the  heater  causes  it  to  deliver  heat  to  the  fluid  in  the  cavity,  which  then 
expands,  pushing  the  diaphragm  out.  The  extended  diaphragm  can  be  used  to  block  a 
channel,  acting  as  a  valve  [236, 237]. 

A  micropump  can  be  made  in  a  similar  manner,  with  the  extending  diaphragm 
compressing  a  chamber  of  the  fluid  to  be  pumped.  The  chamber  has  check-valves  at  the 
inlet  and  outlet,  controlling  the  direction  of  flow  [3].  Other  pump  designs  include 
diffuser  pumps  [240,  241],  rotary  pumps  [242]  and  gear  pumps  [243,  244].  A  valve-less 
pump  has  also  been  designed  based  on  the  dependence  of  liquid  viscosity  on 
temperature  [245].  One  of  the  main  commercial  applications  of  micro-pumps  is  drug 
delivery  [246,  247],  although  microfluidic  devices  are  also  required  for  miniature 
chemical  analysis  systems  [248]. 

The  Institute  of  Physical  and  Chemical  Research  (RIKEN)  in  Japan  has  developed  a 
device  for  mixing  liquid  droplets  with  picolitre  or  nanolitre  volumes  [249].  Two 
droplets  with  volumes  of  5  nL  were  pneumatically  manipulated  and  joined  in  a 
microchannel.  The  air  between  the  droplets  is  drawn  off  using  a  hydrophobic 
microcapillary  vent  (HMCV)  and  the  droplets  mix  by  diffusion.  The  mixer  may  be  used 
as  a  component  of  integrated  multi-step  Micro  Total  Analysis  Systems  (pTAS,  "lab  on  a 
chip"). 

An  integrated  liquid  mixer/ valve  has  been  developed  at  the  Massachusetts  Institute  of 
Technology  [250].  A  reagent  is  injected  via  a  flapper  valve  into  a  stream  of  sample 
flowing  through  a  channel.  Mixing  then  occurs  diffusively  and  the  mixture  flows  out  of 
the  device. 

Nagoya  University  is  developing  biochemical  microdevices  containing  multiple 
microfluidic  devices  such  as  pumps,  reactors,  concentrators  and  valves  [239,  251,  252]. 
A  shape  memory  alloy  (SMA)  micro  actuator  is  used  to  drive  the  pump,  the  pumping 
rate  being  of  the  order  of  10  pL/min.  The  volume  of  the  microreactor  is  3  pL. 

5.2.3  Other  actuator  devices 

The  University  of  Michigan  is  investigating,  in  a  DARPA-funded  project,  electrokinetic 
fluid  microactuators  for  boundary  layer  drag  reduction  and  on-demand  leading  edge 
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vortex  generation  for  control  of  aircraft  [253].  Stanford  University  is  also  investigating 
MEMS-based  transducers  for  active  boundary  layer  control  to  reduce  drag  in  turbulent 
flows  [254].  The  Arizona  State  University  has  a  DARPA-funded  project  [255]  for  similar 
applications,  however  using  distributed  arrays  of  micropistons  to  vary  the  roughness 
(from  4  to  20  microns)  on  the  leading  edge  of  swept  wings  to  control  transition  to 
turbulence. 

An  electrostatically  actuated  MEMS  power  switch  has  been  developed  at  MIT  [256]. 
The  application  is  to  replace  automotive  relays,  with  a  projected  market  of  225  million 
per  year  in  the  US  alone.  The  intention  is  to  embed  MEMS  switches  at  the  point  of  use, 
rather  than  running  wires  to  a  central  relay  block. 

A  microelectromechanical  pressure  switch  has  been  designed  by  Honeywell  [257].  It 
uses  electronic  switching  using  a  moving  gate  field  effect  transistor  (MOGFET)  that 
eliminates  direct  contact  switches.  It  is  expected  that  the  switches  will  be  applied  to 
accelerometer  applications. 

Micromechanical  relays  (MMRs)  are  also  being  pursued  in  several  other  organisations 
[258,  259].  One  of  the  main  applications  of  interest  for  MMRs  is  in  automatic  test 
equipment  where  large  arrays  of  relays  are  used  [258].  MMRs  have  several  advantages 
over  conventional  electromechanical  relays  (EMR),  such  as  small  size  and 
integratability,  or  solid-state  relays  (SSR),  such  as  better  high  frequency  characteristics 
and  low  contact  resistance  [259]. 

Other  actuator  devices  being  developed  include: 

•  a  long  range  translation  actuator,  designed  to  operate  as  the  moving  mirror  in  a 
miniature  Michelson  Fourier  transform  spectrometer  [260]; 

•  a  polymer-based  MEMS  microactuator  with  macroscopic  action  [261]; 

•  a  soft  micromanipulation  device  for  soft  dextrous  motion  in  3  and  6-DOF  [262]; 

•  switches  for  logic  elements  in  circuits  [263]; 

•  a  two-dimensional  microconveyor  using  electrostatic  actuators  [264]; 

•  an  electrostatic  actuator  with  extended  range  of  travel  [265]; 

•  actuators  for  read/  write  heads  of  hard  disk  drives  [266,  267, 268]; 

•  integrated  force  array  (IF A)  and  spiral  wound  transducer  (SWT)  actuators  which 
deform  metallised  plastic  membranes  by  applying  a  voltage  [269];  and 

•  smart  materials  for  aerospace  structures  such  as  missile  control  surfaces  [270]. 


5.3  Integrated  Systems  and  Active  Control 

In  a  DARPA-funded  project,  the  Georgia  Institute  of  Technology  is  aiming  to 
demonstrate  new  MEMS  and  materials  for  MEMS  for  applications  in  Unmanned  Aerial 
Vehicles  (UAVs)  [271].  In  particular,  they  have  fabricated  an  array  of  MEMS  pressure 
sensors  and  an  array  of  MEMS  modulators  using  stainless  steel  as  a  substrate  for 
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orifice-based  control  of  microjets.  It  is  planned  that  Boeing/ Saint  Louis  will  test  the 
sensors  and  actuators  on  UAV-class  vehicles  at  the  end  of  the  program. 

UCLA  has  two  projects  funded  by  DARPA  to  investigate  integrated  sensor-processor- 
actuator  systems,  which  UCLA  call  M3  (microsensor-microelectronics-microactuator) 
systems.  The  first  project  is  to  develop  an  aircraft  for  low  altitude  surveillance  [272].  A 
new  aircraft  without  a  tail  will  be  designed  to  demonstrate  the  concept  of  achieving 
aerodynamic  manoeuvring  through  a  micromachine-based  deformable  smart  surface. 
The  second  project  is  to  investigate  M3  systems  for  controlling  near-wall  structures  in 
the  turbulent  boundary  layer  to  reduce  drag  due  to  surface  shear  stress  [273].  Thermal 
shear  stress  sensor  arrays  are  linked  to  electromagnetic  actuators  with  driving  circuitry 
using  neural  network  logic  for  the  control  system  to  apply  the  sensing-decision- 
actuation  task  in  real-time. 

In  a  similar  DARPA  project,  the  University  of  Florida  is  investigating  MEMS  for 
controlling  flows  around  Micro  Air  Vehicles  (MAVs)  with  the  goal  of  providing 
improved  aerodynamic  performance  and  mechanisms  for  flight  control  [274].  Again,  a 
MEMS  shear  sensor  array  is  used  and  neural  networks  are  being  investigated  for 
control  algorithms.  Particle  image  velocimetry  (PIV)  is  used  to  conduct  flow  field 
measurements. 

The  purpose  of  a  DARPA  project  being  conducted  by  Sarcos  [275]  is  to  demonstrate 
active  control  of  the  buckling  instability  in  a  solid  beam  instrumented  with  MEMS  uni¬ 
axial  strain  transducers  (UASTs).  The  UASTs  are  currently  being  evaluated  for  use  in 
helicopters  (with  Boeing  and  Sikorsky),  submarines  (with  NAVSEA  and  Newport 
News  Shipbuilding)  and  aircraft  (with  Boeing). 

As  part  of  the  University  of  Michigan  DARPA  project  investigating  electrokinetic  fluid 
microactuators  (see  Section  5.2),  an  integrated  electrokinetic-based  MEMS  sensor- 
processor-actuator  array  suitable  for  elementary  vehicle  control  will  be  produced  and 
tested  in  a  wind  tunnel  [253].  The  Xerox  Palo  Alto  Research  Center  is  also  conducting 
system-level  research  to  develop  and  demonstrate  MEMS-based  sensor-processor- 
actuator  arrays  [276].  The  Center  is  also  investigating  the  development  of  software  and 
architectures  for  coordinating  the  actions  of  large  numbers  of  distributed  devices. 

The  DARPA-funded  "Smart  Dust"  project  being  conducted  at  the  University  of 
California,  Berkeley,  is  concerned  with  creating  massively  distributed  sensor  networks 
consisting  of  many  autonomous  sensor  nodes  [2 77].  Each  sensor  node  ("mote") 
contains  a  sensor,  electronics,  power  supply  and  communications  hardware,  all  in  a 
cubic  millimetre  volume  [277].  The  motes  will  be  delivered  from  Micro  Air  Vehicles 
(MAVs).  The  current  goals  of  the  project  are  to  explore  the  fundamental  size  limits  of 
autonomous  sensor  platforms  and  new  applications  that  become  possible  with  sub- 
cubic  millimetre-sized  platforms.  The  project  previously  demonstrated  laser 
communication  from  a  1  cubic  inch  (approx.  16  cm3)  weather  station  at  a  distance  of 
21  km,  sensor  network  communication  and  flights  of  24-inch  (61  cm)  MAVs. 
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In  a  similar  vein,  the  low  power  wireless  integrated  microsensor  (LWIM)  program  at 
UCLA  is  aimed  at  developing  a  revolutionary  battlespace  information  system  enabled 
by  a  distributed  MEMS  network  [278,  279].  Sensors  include  microseismometers, 
magnetometers,  microaccelerometers  and  infrared  motion  detectors. 

An  axisymmetric  jet  nozzle  equipped  with  a  row  of  eighteen  miniature  electromagnetic 
flap  actuators  on  its  lip  for  active  flow  control  has  been  developed  at  the  University  of 
Tokyo  [280].  The  actuators  can  control  coherent  vortical  structures  and  gives  a  large 
range  of  control  over  the  jet  velocity  (-45%  of  the  natural  jet  velocity)  with  only  a  small 
amount  of  control  energy  required. 

A  new  concept  for  a  pressure  control  unit  for  gases  has  been  developed  at  the 
University  of  Stuttgart  [281].  It  consists  of  a  microprocessor  for  digital  control, 
electrostatically  actuated  microvalves  and  a  pressure  sensor.  The  system  minimises 
dead  volume,  gives  a  fast  response  time  and  low  power  consumption.  Such  systems 
can  be  used  in  pneumatics,  gas  analysis  and  medical  engineering. 


5.4  Modelling  and  simulation 

Some  modelling  and  simulation  studies  of  MEMS  devices  include: 

•  modelling  of: 

-  an  electrostatic  membrane  actuator  for  micropumps  [282]; 

-  micropumps  using  unimorph  piezoelectric  actuator  and  ball  valves  [283]; 

-  quadrature  error  of  a  microgyroscope  [284]; 

-  an  optical  torsion  micromirror  [285];  and 

-  flexural  plate  wave  devices  [286]. 

•  simulation  of: 

-  gas  and  odour  sensors  [287]; 

-  gas  flow  in  micro  devices  using  Navier-Stokes  simulations  [288]; 

-  sensitivity  and  linearity  of  piezoresistive  pressure  sensors  [289];  and 

-  low-velocity  microflows  in  MEMS  devices  using  a  modified  direct  simulation 
Monte  Carlo  (DSMC)  method  [290]. 

•  optimisation  of: 

-  sample  injection  components  in  microfluidic  systems  [291];  and 

-  thin  film  gas  sensors  for  environmental  monitoring  [292]. 

•  theoretical  studies  of: 

-  comparison  of  noise  in  three  types  of  pressure  sensors  [293];  and 

-  effects  of  geometrical  dimensions  on  the  viscosity  of  fluids  flowing  in  micro¬ 
systems  [294]. 
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6.  Applications  with  Possible  Defence  Relevance 

In  1995,  the  US  Department  of  Defense  conducted  an  industrial  assessment  of  MEMS 
[295]  in  which  it  was  said  that  "MEMS  will  create  new  military  capabilities,  make  high- 
end  functionality  affordable  to  low-end  military  systems,  and  extend  the  operational 
performance  and  lifetimes  of  existing  weapons  platforms".  Twelve  defence 
applications  were  identified,  grouped  under  three  major  areas  [295]: 

•  Inertial  measurement  applications : 

1.  Weapons  safing,  arming  and  fuzing  (improve  operation,  safety  and  reliability  of 
warheads  and  bomblets,  reducing  unexploded  ordnance); 

2.  Competent  munitions  (integrate  MEMS  IMUs  into  conventional  munitions  to 
reduce  the  dispersion  of  projectiles  on  point  targets); 

3.  Platform  stabilisation  (replace  conventional  accelerometers  and  gyroscopes 
with  MEMS  devices,  reducing  cost  and  power  requirements); 

4.  Personal/ vehicle  navigation  (use  MEMS  INUs  to  augment  personnel  and 
vehicle  GPS); 

•  Distributed  sensing  and  control  applications: 

5.  Condition-based  maintenance  (eg,  using  embedded  sensors  and  actuators  in 
components  of  materiel  to  monitor  and  report  on  their  condition  in  real  time); 

6.  Situational  awareness  (eg,  distributed  unattended  sensors  for  perimeter 
security,  area  surveillance,  shipboard  automation,  etc); 

7.  Miniature  analytical  instruments  (eg,  for  detection  of  fuels,  explosives,  drugs  or 
NBC  operations); 

8.  Identify-friend-or-foe  (eg,  using  modulation  of  deformable  and  active  surfaces 
with  a  smart  reflector  and  secure  communications) ; 

9.  Biomedical  devices  (for  monitoring  vital  signs  of  combatants  and  delivering 
trauma  care); 

10.  Active  structures  (eg,  active  conformal  surfaces  for  distributed  aerodynamic 
control  of  aircraft); 

•  Information  technology  applications: 

11.  Mass  data  storage  (eg,  for  digital  maps,  manuals  for  a  highly  mobile  force); 

12.  Displays  (eg,  for  display  of  maps,  etc); 

The  weakest  areas  in  terms  of  technical  maturity  were  identified  as  [295]: 

•  personal/vehicle  navigation; 

•  miniature  analytical  instruments; 

•  identify-friend-or-foe; 

•  active  structures;  and 

•  mass  data  storage; 

Perhaps  not  surprisingly,  as  will  be  seen  below,  these  areas  are  receiving  a  great  deal  of 
research  attention.  In  addition,  several  technology  areas  are  also  emerging  which, 
although  not  specific  to  defence,  will  have  implications  for  defence  in  areas  such  as 
communications,  mobility  and  propulsion. 
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6.1  Microrobots,  flight  and  Micro  Aerial  Vehicles  (MAVs) 

Microrobots  may  find  use  as  vehicles  for  micro-surveillance,  chemical  analysis  or 
weapons  systems.  A  piezoelectric  microactuator  array,  which  will  be  the  key 
component  of  a  remotely  controlled,  wireless,  solar-powered  microsystem  that  should 
be  capable  of  locomotion  is  described  in  [296].  A  few  hundred  "walking  cells"  are 
arranged  in  a  hexagonal  array,  each  cell  having  a  "leg"  300  |im  high.  The  legs  are 
actuated  using  three  piezoelectric  biomorph  beams  that  allow  the  leg  to  reach  any 
position  within  an  ellipsoid.  Another  method  of  mobility  mimics  the  way  that  six¬ 
legged  insects  walk  [29 7]. 

Three-dimensional  burrs  have  been  developed  using  the  LIGA  process  [298].  The  burrs 
are  designed  to  be  used  on  a  device  that  can  attach  itself  to  human  hosts  who  "could  be 
enemy  troops  or  persons  who  have  entered  a  restricted  area".  The  device  could  carry 
sensors  for  tracking  or  information  gathering. 

The  University  of  Tokyo  is  investigating  flight  using  a  vehicle  with  2  mm  long 
rotational  wings  [299,  300].  The  wings  are  made  of  cobalt-nickel  alloy  and  rotate  in  an 
alternating  magnetic  field.  They  succeeded  in  lifting  a  silicon  body  weighing  1.6  mg. 

A  battery-powered  ornithopter  (flapping-wing)  MAV  is  being  developed  with  MEMS 
wings  [301].  The  7  cm  long  wings  have  a  titanium-alloy  frame,  a  Parylene  C  membrane 
and  are  manufactured  using  MEMS  photolithography  technology.  The  mass  of  the 
MAV  is  7  - 10  g  and  flight  durations  of  5  - 18  seconds  have  been  achieved. 


6.2  Space 

There  is  a  DARPA-funded  project  addressing  space  applications  of  MEMS  and 
microtechnology  being  conducted  by  Aerospace  Corporation  [302].  The  purpose  is  to 
exploit  and  develop  MEMS  and  microsystems  for  mass  producible  miniature 
spacecraft  DARPA  envisions  individual  nanosatellites  that  can  also  operate  in 
"cooperative  constellations,  clusters  and  on-demand  swarms".  The  applications  are 
communications  and  remote  sensing  and  action.  At  the  time  of  the  report.  Aerospace 
Corporation  were  preparing  flight  assemblies  for  very  small  satellites  (approx.  2.5  x  7.5 
x  10  cm,  weighing  275  g  each)  for  launch  into  space  for  risk  reduction  testing  in  mid- 
2000. 


6.3  Communications 

RF  signal  switching  arrays  and  tracking  filters  based  on  MEMS  switches  and  MEMS 
tunable  capacitors  offer  performance  enhancements  for  military  secure 
communications  systems  [303].  Potential  applications  include  the  AIU  (antenna 
interface  unit)  tracking  filter  for  the  F-22  Air  Superiority  Fighter,  the  AIU  tracking  filter 
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for  the  RAH-66  Comanche  helicopter  and  the  preselector  for  the  Joint  Service  ARC- 
210(V)  military  radio  receiver. 

The  University  of  California,  Berkeley  is  investigating  MEMS  microrelays  for  batch 
transfer  integration  in  RF  systems  [304].  The  LG  Corporate  Institute  of  Technology  in 
Seoul,  Korea  is  also  investigating  MEMS  RF  switches  with  very  small  actuation 
voltages  [305]. 

The  University  of  Michigan  has  a  DARPA-funded  project  entitled  "MEMS  for  wireless 
communications"  [306].  The  aims  are  to  identify  the  performance  limits  for  micro- 
mechanical  resonators  when  extended  into  VHF,  UHF  and  S-band  ranges,  implement 
high-Q  micromechanical  filters  and  oscillators  in  these  ranges  and  incorporate  these 
components  into  compact,  inexpensive  wireless  transceivers.  Development  of  high-Q 
resonators  is  discussed  in  [30 7]  and  [308]  and  micromechanical  bandpass  filters  are 
discussed  in  [309]. 

California  Institute  of  Technology  is  investigating  submicron  scale  electromechanical 
systems  (nanometre-scale  electromechanical  systems  or  NEMS)  [310].  One  of  the  main 
aims  is  the  evaluation  of  the  potential  of  NEMS  for  ultralow  power,  high  frequency 
electroacoustic  signal  processing  components.  Future  research  is  aimed  at  testing  the 
limits  to  the  applicability  of  NEMS,  developing  prototype  NEMS  components  and 
expanding  the  technology  base  for  producing  and  coupling  NEMS. 

6.4  Data  storage 

DARPA  sponsors  several  projects  to  investigate  communications  and  data  storage 
applications  of  MEMS.  This  is  an  important  area  if  MEMS  are  to  be  used  as  remote 
sensors  or  if  communication  between  MEMS  devices  is  required  for  coordinated  action. 

The  goal  of  one  DARPA-funded  project  being  conducted  by  Carnegie  Mellon 
University  is  to  develop  an  ultra-high-density,  miniature,  rewritable  cache  for  low- 
power  communication  of  bursts  of  information  from  sensor  arrays  [311].  An  example  is 
for  communication  between  systems  used  in  situational  awareness  such  as  distributed 
millibots,  nanosatellites  or  micro-air  vehicles.  The  target  specifications  for  the  cache  me 
7  Gb  capacity  on  an  8  x  8  mm  magnetic  media  (10  Gb/cm2)  with  a  system  footprint  of 
20  x  20  mm  and  a  total  system  volume,  including  packaging  of  2500  mm3.  Active 
power  should  be  under  1  W  and  standby  power  under  10  mW.  The  data  transfer  rate 
should  be  over  17  Mb/  s  with  access  time  under  10  ms. 

The  goals  of  a  Cornell  University  project  funded  by  DARPA  [47]  are  to  develop  (using 
the  "SCREAM"  process  described  in  Section  4.2)  massively  parallel  scanned-probed 
arrays  for  high-density  memory  storage  and  high  aspect  ratio,  single  crystal  silicon 
processes,  devices  and  systems  for  communications  and  robotic  applications. 
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Another  DARPA-funded  project  investigating  MEMS-based  data  storage  is  being 
conducted  at  the  Hewlett  Packard  Laboratory  [312].  The  project  appears  to  be 
concentrating  on  etching  technology  for  producing  high  aspect  ratio  structures  for 
components  which  will  assist  in  the  realisation  of  small,  light,  low  power,  rugged 
storage  devices. 

IBM  is  investigating  high-density  storage  using  MEMS  [268].  A  micro-actuator  can 
improve  the  capacity  and  performance  of  current  hard  disk  drives  by  moving  the 
magnetic  head  with  very  high  speed  and  accuracy. 

Kionix  are  developing  a  ROM  data  storage  card  fabricated  entirely  from  silicon  MEMS 
[313].  The  device  is  anticipated  to  have  two  chips,  one  containing  a  large  element  array 
of  torsional  z-actuators  while  the  other  is  wafer-bonded  directly  below  containing  an 
x-y  scanning  stage.  The  data  storage  element  is  being  evaluated  for  use  in  satellite 
applications,  with  environmental  survivability  during  launch  being  one  of  the  key 
facets. 

The  Corporate  Institute  of  Technology  in  Seoul,  Korea  is  investigating  an  actuated 
micromirror  for  nano-tracking  of  a  laser  beam  for  high-density  optical  storage  [219]. 
The  integrated  micromirror  is  translated  along  the  out-of-plane  vertical  direction  (up  to 
several  micrometers)  by  me tal/PZT/ metal  thin  film  actuators. 

The  IBM  Research  Division,  Zurich  Research  Laboratory  is  investigating  NEMS  for 
high-density  data  storage  [314].  The  device  has  an  array  of  32  x  32  (1024)  2D  cantilevers 
in  a  chip  measuring  3  mm  x  3  mm.  It  uses  thermomechanical  writing  to  locally  soften  a 
thin  polymer  film  with  a  heated  tip,  simultaneously  applying  light  pressure  to  put 
nanometre  scale  indentations  representing  the  bits  of  information.  On  reading,  the 
depth  of  indentation  is  measured  using  the  heater  platform  in  a  low-power  mode  as  a 
thermal  sensor,  measuring  the  rate  of  heat  loss  to  the  storage  medium,  which  increases 
when  the  probe  is  in  an  indentation  due  to  the  greater  contact  area. 


6.5  Reaction  /  combustion  /  power  generation 

Palladium-based  micromembranes  that  can  control  hydrogen  flux  have  been  fabricated 
at  MIT  funded  by  the  DARPA  MicroFlumes  program  [63].  The  membranes  can  be  used 
for  hydrogen  purification  or  hydrogenation/ dehydrogenation  reactions. 

A  microscale  combustor/ evaporator  is  being  developed  by  Pacific  Northwest  National 
Laboratory  (operated  by  Battelle)  under  a  DARPA  contract  [315].  Progress  on  aspects 
of  this  work  has  also  been  reported  in  several  other  publications  [316,  317,  318].  The 
device  uses  microscale  flow  channels  that  increase  the  available  surface  area  for  heat 
transfer  and  reduce  the  fluid  boundary  layer,  giving  heat  fluxes  in  excess  of  25  W/cm2 
and  thermal  efficiencies  of  80  -  90%.  There  are  several  possible  defence  applications  in 
the  area  of  man-portable  power,  heating  and  cooling. 
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The  aim  of  a  project  being  performed  by  Battelle  and  Case  Western  Reserve  University 
for  DARPA  is  to  demonstrate  an  integrated  liquid  fuel  cell/fuel  processor  for 
microscale  power  generation  [319,  320].  Wireless  MEMS  require  electrical  power  for 
operation  and  communication  and  current  technology  cannot  produce  batteries  with 
the  energy  and  power  densities  required  and  which  are  of  a  size  comparable  to  the 
MEMS  device.  Consequently,  alternatives  to  batteries  are  being  investigated.  The 
device  that  is  the  object  of  the  current  study  uses  a  liquid  fuel,  a  fuel  processor  that 
produces  hydrogen  from  the  liquid  fuel  and  a  fuel  cell  that  produces  electric  power 
from  the  hydrogen.  The  initial  demonstration  involves  a  device  that  will  produce 
lOmWe  (milliWatts  electric)  from  a  clean  liquid  fuel  such  as  methanol  or  butane 
followed  by  a  device  that  will  produce  50  mWe  from  a  logistics  fuel  such  as  JP-8. 

Another  project  investigating  a  fuel  processor  is  being  conducted  at  MIT  [321].  The 
microprocessor  is  designed  to  convert  a  chemical  fuel  into  a  form  usable  for  electric 
power  generation.  Technologies  to  be  investigated  include  hydrogen  generation  by 
ammonia  and  propane  cracking,  hydrogen  purification  using  inorganic  membranes 
and  thermoelectric  and  thermophotovoltaic  power  generation.  The  microsystem  will 
consist  of  integrated  catalytic  microreactors  [322,  323],  flow  sensors,  heaters, 
temperature  sensors,  microvalves,  micropumps  and  controllers. 

Georgia  Institute  of  Technology  [324]  and  Honeywell  [325]  are  working  on  microscale 
combustion  engines  for  electrical  power  generation.  The  University  of  California, 
Berkeley  is  looking  at  a  MEMS  rotary  internal  combustion  engine  [326]. 

The  goal  of  a  project  being  conducted  by  the  University  of  Southern  California  is  to 
fabricate  miniature  power  generators  with  no  moving  parts  that  are  capable  of 
powering  MEMS  devices  [327].  If  sufficient  power  can  be  generated,  the  project  will 
investigate  the  replacement  of  batteries  in  large  man-portable  systems  such  as 
weapons,  computers,  radios  and  GPS  receivers.  The  microgenerator  will  be  designed  to 
bum  readily  available  fuels  such  as  butane. 

Silicon  atomisers  developed  by  BF  Goodrich  are  being  tested  by  NAWC  -  China  Lake 
as  part  of  a  liquid-fuelled  active  combustion  control  system  for  model  ramjet  dump 
combustors  [328]. 

Workers  at  the  Fraunhofer-Institut  fur  Chemische  Technologie  ICT,  at  its  annual 
meeting  in  2000,  reported  on  the  potential  of  microreactors  for  the  synthesis  of 
energetic  materials  [329]  and  the  monitoring  of  nitration  reactions  in  microreactors 
using  Fourier  transform  infrared  microscopy  [330]. 


6.6  Rotors,  turbines  and  motors 

The  University  of  Wisconsin  is  investigating  a  rotor  manufactured  by  surface 
micromachining  that  is  driven  using  a  piezoelectric  plate  mounted  at  the  back  of  the 
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silicon  dye,  thus  eliminating  the  need  for  electrical  interconnects  [331].  The  University 
of  Neuchatel  is  also  investigating  piezoelectric  motors,  although  using  the  elastic  force 
motor  (EFM)  concept  [332].  The  EFM  principle  involves  generating  an  oscillating 
vertical  motion  in  a  stator  by  a  piezoelectric  layer  operating  at  the  resonance  frequency 
of  the  stator.  This  vertical  motion  is  then  converted  to  rotation  by  elastic  beams  on  a 
rotor.  The  initial  impetus  for  the  EFM  work  was  the  development  of  a  motor  for 
wristwatch  applications,  which  require  motors  with  small  dimensions,  high  torque 
(1  pNm)  and  low  power  consumption  (10  pW). 

MIT  have  fabricated  a  micro  turbine/bearing  rig  using  a  5-level  wafer-bonded 
micromachining  [333].  The  fabrication  process  can  be  used  to  build  devices  with 
complicated  microfluidic  connections  with  applications  in  micro-valves,  pumps, 
coolers  and  propulsion  devices. 


6.7  Propulsion  Systems 

A  DARPA-funded  project  at  MIT  is  examining  MEMS-based  control  for  air  breathing 
propulsion  [334].  The  aim  is  to  develop  flow  control  suitable  for  gas  turbine  engines,  in 
particular  control  of  tip  leakage  flows  and  control  of  engine  noise  from  hot  jet  exhausts, 
using  MEMS  shear  and  temperature  sensors  and  micro  glow  discharge  actuators. 

The  University  of  Michigan  is  investigating  micromachined  acoustic  ejectors  that  are 
based  on  the  principle  of  Helmholtz  resonators,  in  which  entrapped  air  resonates  at  a 
characteristic  frequency.  [335,  336].  They  will  have  a  thrust- to- weight  ratio  of  greater 
than  10,  no  rotating  or  sliding  parts,  low  power  operation  and  negligible  thermal 
signature.  The  ejectors  will  be  integrated  into  large  arrays  which  can  be  used  as  the 
primary  propulsion  fro  Micro  Airborne  Robotics  Platforms  and  Constellations. 

The  use  of  MEMS  actuators  to  reduce  high  cycle  fatigue  in  turbine  engines  is  being 
explored  at  the  Virginia  Polytechnical  and  State  University  using  Surface  Acoustic 
Wave  (SAW)  microsensors  (see  discussion  of  SAWs  in  Section  5.1.3)  [337].  The 
microsensors  will  be  used  for  flow  measurements  and  MEMS-based  microvalves  will 
be  used  for  active  flow  control. 


6.8  Digital  Micropropulsion 

There  is  a  large  DARPA-sponsored  project  (US$3.5m  [338])  to  investigate  digital 
micropropulsion  [339,  340].  The  work  is  being  jointly  conducted  by  TRW,  the 
Aerospace  Corporation  and  the  California  Institute  of  Technology.  Reports  of  this  work 
have  appeared  in  the  popular  science  literature,  including  Technology  Review  [341], 
Scientific  American  [342]  and  New  Scientist  [343].  In  addition,  a  paper  was  presented  at 
an  IEEE  meeting  [344]  and  an  article  was  published  in  Sensors  and  Actuators  [345]. 
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The  aim  of  the  digital  micropropulsion  project  is  to  develop  micro-rocket  engines  for 
control  of  micro-satellites,  nano-satellites  ("nanosats"  [346])  and  spacecraft  [340].  Each 
engine  is  a  chamber  filled  with  a  gaseous,  liquid  or  solid  propellant  with  a  heater  at 
one  end  and  a  burst  disk  at  the  other  [339].  The  heater  either  ignites  the  propellant  or 
heats  the  gas  in  the  chamber,  the  disk  bursts  under  the  pressure  and  the  escaping  gas 
delivers  an  impulse  force  to  the  satellite  or  spacecraft.  Each  engine  is  smaller  than  the 
head  of  a  pin  and  will  be  fabricated  in  arrays  of  up  to  104  - 106  engines. 

Some  of  the  advantages  of  digital  micropropulsion  over  conventional  rocket 
propulsion  technology  include  [339, 340]: 

•  propulsion  systems  of  the  same  order  of  size  as  the  other  components  of  the 
vehicle; 

•  vastly  reduced  number  of  parts; 

•  no  moving  parts; 

•  no  tanks,  lines  or  valves;  and 

•  the  ability  to  deliver  thrust  in  very  precise  and  predetermined  amounts. 

The  first  microthrusters  in  the  program  were  fired  in  vacuum  in  September  (1998). 
Microthrusters  were  first  launched  into  space  in  July  1999  aboard  the  Space  Shuttle 
Columbia,  but  were  not  fired;  however,  further  launches  are  planned. 


6.9  Weapons  systems  fuzing  /  safety  and  arming 

The  US  Army  Armament  Research  Development  and  Engineering  Center  (ARDEC)  is 
developing  a  MEMS-based  safety  and  arming  (S&A)  device  for  20  mm  projectiles  for 
the  Objective  Individual  Combat  Weapon  (OICW)  [347].  The  goal  is  to  demonstrate  a 
functional  MEMS  S&A  device.  The  approach  is  to  conceive  and  develop  MEMS 
component  elements  such  as  zigzag  (inertial  delay)  sliders,  arming  sliders,  biasing 
springs,  sequential  actuating  interlocks,  inertial  actuators  and  a  "micro-energetic 
initiator"  (MEI).  These  will  then  be  developed,  fabricated,  optimised  and  combined  to 
give  an  architecture  that  will  accomplish  the  S&A  function. 

Another  project  to  investigate  MEMS  fuzing  and  S&A  devices  is  being  conducted  at  the 
US  Naval  Surface  Warfare  Center  [348].  The  main  focus  here  is  for  torpedoes,  where  a 
wide  spectrum  of  MEMS  sensors  (accelerometers,  IMUs,  and  magnetic,  acoustic, 
pressure  and  flow  sensors)  can  be  utilised.  Also  being  developed  is  a  generic 
miniaturized  explosive  train  and  fireset  that  will  be  compatible  with  a  MEMS  fuze  and 
S&A  device  and  a  macro-sized  warhead.  The  design  uses  a  low-cost  ceramic  detonator 
chip  fabricated  by  Cronos/ MCNC. 

Integrated  Sensing  Systems  is  collaborating  with  NWSC  to  incorporate  its  CAPS 
devices  into  fuzing  and  safety  and  arming  applications  [60]. 
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6.10  Materiel  health  monitoring  and  condition-based  maintenance 

The  George  Washington  University  Institute  for  MEMS  and  VLSI  is  investigating 
military  applications  of  MEMS  [349].  In  particular,  they  are  reviewing  defence 
prospects  for  the  use  of  radio  frequency  (RF)  MEMS,  developing  concepts  for 
Application  Specific  Integrated  Microsystems  (ASIMs)  and  promoting  the  insertion  of 
MEMS  into  major  military  acquisition  programs  to  reduce  life-cycle  costs.  The  main 
target  is  new  classes  of  US  Navy  ships  where  the  fitting  of  over  100  000  microsensors 
per  ship  will  enable  such  advances  as  condition-based  maintenance,  reducing  required 
staffing  levels  and  consequential  costs. 

The  US  Office  of  Naval  Research  is  funding  a  team  of  universities  and  companies  to 
continue  research  into  Remotely-Queried  Embedded  Microsensors  (RQEM),  sensors 
such  as  strain  gauges  to  be  embedded  in  composite  structures  for  the  lifetime  of  the 
structure  and  which  can  be  queried  using  methods  that  do  not  require  hard 
connections  [350].  An  integrated  embeddable  sensor  package  has  been  developed 
which  can  measure  three  components  of  strain  and  temperature  within  a  graphite- 
epoxy  or  other  aerospace  composite  [350,  351].  To  test  their  robustness,  RQEM  devices 
have  been  deployed  on  the  USS  Radford  and  on  a  Boeing  AV-8B  Harrier  T1  aircraft 
[352].  Both  devices  survived  the  electromagnetic,  vibration,  temperature  and  acoustic 
environments  of  the  platforms  and  remain  installed  for  future  analysis. 

Pennsylvania  State  University  are  applying  MEMS  to  structural  health  monitoring  of 
critical  aircraft  components  [353].  Various  sensors  (acoustic,  strain,  acceleration  an 
vibration)  are  integrated  with  signal  processing  electronics  to  provide  real-time 
indicators  of  incipient  failure  of  aircraft  components. 

Health  monitoring  and  condition-based  maintenance  of  weapon  propulsion  systems 
will  be  discussed  in  detail  in  a  future  publication  [354]. 


7.  Conclusions 

One  method  of  classifying  MEMS  technology  research  is  into  four  general  areas: 
fabrication,  structures,  devices  and  applications.  Materials  may  be  fabricated  into 
structures,  which  in  turn  can  be  combined  into  devices  for  particular  applications. 
Sensor  and  actuator  devices  can  also  be  linked  together  with  appropriate  feedback 
electronics  to  form  active  control  units,  giving  accurate  local  control  with  very  fast 
response  times. 

Materials  for  MEMS  are  primarily  based  around  silicon,  because  it  is  readily  and 
economically  available  from  the  integrated  circuit  industry.  Silicon  oxide  is  useful  as  a 
sacrificial  layer  for  etching,  silicon  nitride  for  MEMS  structures  and  silicon  carbide  for 
resistance  to  harsh  environments.  Polymers  and  plastics  are  also  useful  for  certain 
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applications,  such  as  gas  sensing,  but  are  more  difficult  to  micromachine.  New 
materials  under  investigation  for  manufacturing  MEMS  include  amorphous  alloys, 
polycaprolactone,  tantalum  oxide  and  diamond. 

New  methods  of  deep  etching  and  lithography  are  now  available  which  produce  high 
aspect  ratio  microstructures  (HARMs).  For  example,  the  LIGA  process  uses  X-rays  to 
produce  a  high  aspect  ratio  mould  from  which  to  fabricate  HARMs.  However,  the 
process  is  expensive  and  inconvenient  due  to  the  requirement  for  collimated  X-rays 
from  a  synchrotron. 

Many  MEMS  sensors  have  been  produced,  or  are  being  developed,  for  measuring 
pressure,  load,  vibration,  acceleration,  rotation,  magnetic  fields,  air  flow,  liquid  flow, 
shear  stress,  strain,  infrared  detection,  infrared  and  visible  imaging,  and  chemical 
detection  and  analysis.  MEMS  actuators  have  been  developed  using  various  methods 
of  activation,  including  magnetic,  piezoelectric  and  thermal.  Applications  include 
mirrors,  valves,  pumps,  mixers,  power  switches,  pressure  switches,  relays  and  aerial 
vehicle  control  surfaces.  MEMS  sensors  and  actuators  may  be  combined  to  form 
integrated  systems  for  active  control.  Applications  include  orifice-based  control  of 
microjets,  aerodynamic  control  of  an  UAV  without  a  tail  for  low  altitude  surveillance, 
drag  reduction  on  control  surfaces  and  a  gas  pressure  control  unit. 

Modelling  and  simulation  is  also  a  very  active  area  of  MEMS  research.  Studies  include 
modelling  of  effects  such  as  surface  tension  on  manufacturing,  sensor  sensitivity,  gas 
flow  and  fluid  viscosity  in  micro  devices,  noise,  and  optimisation  of  manufacturing, 
components  and  devices. 

This  document  has  attempted  to  present  a  "snapshot"  of  current  research  in  MEMS 
technology  with  potential  applications  to  defence,  based  on  material  available  to  the 
author  at  the  end  of  the  year  2000.  This  survey  was  undertaken  as  a  prelude  to  a  more 
focussed  study  addressing  applications  of  MEMS  in  rocket  propulsion  systems  for 
control  and  health  monitoring. 

It  can  be  seen  from  the  discussion  above  that  there  is  an  enormous  amount  of  research 
currently  being  conducted  into  MEMS  technology.  A  large  amount  of  research  is 
directed  at  defence  applications,  much  of  which  is  sponsored  in  the  US  by  the  Defense 
Advanced  Research  Projects  Agency  (DARPA).  Defence  applications  for  MEMS 
devices  include  weapons  safety,  arming  and  fuzing,  personal  /  vehicle  navigation, 
condition-based  maintenance,  situational  awareness,  identify-friend-or-foe,  miniature 
analytical  instruments,  power  generation,  propulsion,  biomedical  devices,  mass  data 
storage  and  displays.  Many  of  these  applications  are  not  unique  to  defence,  and 
devices  developed  for  defence  will,  no  doubt,  find  service  in  the  civilian  and 
commercial  fields,  and  vice  versa. 
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